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ABSTRACT
Spherical seed silver nanoparticles (AgNPs) have been photo-irradiated in the
presence of trisodium citrate (TSC) and 4, 4’-(phenylphosphinidene) bis
(benzenesulfonic acid) dipotassium salt (BSPP) to produce flat prismatic
nanoparticles. Significantly, these nanoparticles were demonstrated to be capable of
reversibly transforming from prisms to discs when subjected to light or dark
conditions. For instance, the particles truncate from prisms to discs when placed in
the dark, and switch back to prisms when returned to the light. Particles transformed
to disc-shapes are referred to as dark-transformed AgNPs while the particles that are
driven back to prism shapes are referred to as light-transformed AgNPs. The
observed synthesis parameters of the shape-shifting AgNPs were investigated and
characterised to reveal the unique mechanisms associated with the autoxidation and
autoreduction process occurring in the absence and presence of light, respectively.
The BSPP-Ag+ complex was observed to be responsible for the prism to disc
transition driving the AgNP oxidation during dark exposure. The process was
hypothesised to be a complex equilibrium between the light driven reduction and
competitive reverse oxidation paths resulting in tip corner erosion, forming truncated
prisms. No free silver ions (Ag+) were detectable by ion selective electrode studies
below 0.1µM during dark transformation. This suggested that the BSPP remained
conjugated to the Ag+ after oxidation, remaining absorbed to the surface of the AgNP
as the BSPP- Ag+ complex.
During synthesis, AgNPs were observed to transform from the initial wetsynthesised spheres to prisms, over a number of hours, by photodevelopment using a
575nm fluorescent bulb light source. Characterisation of the synthesis products
revealed two important factors that influenced the ability of the photomorphic
AgNPs to shape-shift. First, the photomorphic effect was noted to have a limited
window of opportunity in terms of photodevelopment time, in that solutions of
AgNPs that were photodeveloped for more than eleven hours notably lost the ability
to transform. Secondly, the optimum photodevelopment time to provide the
maximum rate and magnitude for the photomorphic transformation was four hours.
The photomorphic light-dark cycling of the particles was achieved up to eleven

times, under the reported synthesis conditions. However, upon subsequent cycling,
the magnitude of photomorphic transitions was noted to decrease with each repeat
cycle. From these experiments, it was determined that the chemical species
responsible for the oxidation of the tip corners was BSPP. The exposure of BSPP to
light resulted in its auto-oxidation to triphenylphosphine oxide (TPPO), which was
unable to complex with Ag+. Thus, when the AgNPs were being photodeveloped to
prisms, concentrations of BSPP were also being oxidised to TPPO. By the end of the
photodevelopment window the majority of BSPP had been consumed, thereby
inhibiting further photomorphic transformations. Importantly, when fresh BSPP was
added to the light passivated solutions, the photomorphic effect was restored to the
AgNPs.
Research into the photomorphic shape-shifting process demonstrated that the
reverse transformation of discs to prism shapes followed a distinct shape
transformation evolution. The particles transformed from discs to hexagons to
hexagons of increasing aspect ratios and then finally to prisms. Given that these
particles demonstrated a systematic and predictable shape development, a growth
mechanism was proposed. The addition of Ag ions (Ag+) was hypothesised to add to
the re-entrant grooves of the AgNPs. These grooves are common amongst particles
synthesised in the presence of trisodium citrate. Essentially, these grooves are defect
sites on the nanoparticle faces where the crystal lattices spontaneously facet into
different planes to minimise surface energies. This results in concave faces. This
concave shape is capable of providing enough stabilisation by higher coordination of
neighbouring molecules to add Ag+, which is enough to overcome colligative
repulsive forces. This shape transformation has never been directly reported in the
literature and demonstrates that the characterisation of the shape-shifting AgNPs is
capable of providing further insight into fundamental nanoparticle theory.
The ability of these AgNPs to controllably release or collect Ag+ in solution
was exploited in an antimicrobial application. Ag+ and Ag complexes have been
known for decades to have a strong antimicrobial activity against bacteria, especially
in the treatment of burns. The dark-transformed particles were demonstrated to be
three times more potent against bacteria in comparison to the light-transformed
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prism-shaped particles. This increased antimicrobial potency between the light and
dark states was attributed to the complexed BSPP- Ag+ complex, which was released
by the oxidation of the prism shaped AgNPs during transformation to discs. The
bacteria responded to the presence of the AgNPs, Ag+ and Ag+-BSPP complex by
blistering, blebbing, fissuring and withering.

CHAPTER SUMMARIES
Chapter 1. Photomorphic silver nanoparticles possess the ability to quickly,
reversibly and controllably transform from discs to prisms upon light and dark
exposure. A discussion on the work that is presented elaborates on the current
understanding of this remarkable effect. Synthesis conditions are discussed to
emphasise key factors that contribute to the stability and occurrence of the shapeshifting photomorphic silver nanoparticle (AgNP) effect. Insight into the
mechanisms for the discrete shape evolutions is discussed to accentuate the
uniqueness of this effect as a myriad of particle shapes can be optimised due to
fundamental, inherent properties of silver metals. Additionally, a short history is
given and a possible reason as to why the effect has gone unnoticed for so long.
Furthermore, a future application is suggested to exploit the synergetic and inherent
property of the silver nanoparticles and ions produced by this effect as a possible
antimicrobial agent.

Chapter 2. This chapter gives directions for synthesizing and developing
photomorphic AgNPs. Optimisation of the synthesis of the initial colloidal AgNPs
solution was characterised and their transformation by light from spheres to prisms
was investigated. It was determined that 575 nm light was necessary for the synthesis
of prism shaped AgNPs. Brief descriptions of the work are discussed to show the
rationale for the methodology necessary for the synthesis of photomorphic
nanoparticles.

Chapter 3. Typically, photodeveloped prism shaped AgNPs are not photomorphic.
Therefore, it is important to describe each process for the synthesis of photomorphic
AgNPs to understand how these particles are formed. This process follows a
predictable and characterisable development described as Seeding, Growth and
Photomorphic Dark Transformation, and Regenerative Light Transformation. The
seeding sections describe the synthesis and characterisation of spherical colloidal
AgNPs. The growth section describes how light interacts with the seed solutions to
viii
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produce prism shaped AgNPs. The photomorphic transition section describes the
observed characteristics of the prism-shaped particles during dark exposure to form
discs. And the regenerative light transformation section describes the characterisation
of dark exposed disc-shapes to transform back to prisms when placed in the light.

Chapter 4. A simple photoreduction method has been demonstrated for the
preparation of prism-shaped AgNP that reversibly transform into discs when placed
in the dark. The photodevelopment and switchability were characterized by
transmission electron microscopy (TEM) and optical absorption spectroscopy (UVvis). The observed photomorphic particle transformations were attributed to the
initial seeding concentrations which affect the morphological stability between the
light- and dark-form shapes. The photomorphic effect was attributed to a competitive
reaction that occurred between the photochemical reduction of Ag+ onto the surface
of AgNPs and the slower oxidation of AgNPs by 4, 4-(phenylphosphinidene) bis
(benzenesulfonic acid) dipotassium salt (BSPP). The BSPP also acts as a limiting
reagent by gradually oxidizing to triphenylphosphine oxide (TPPO) which
diminishes the reversibility of the photomorphic effect. Significantly, the light and
dark-state photomorphic capability of these AgNPs was successfully restored by the
addition of BSPP.
Chapter 5. A dynamic mechanism is proposed to describe the photomorphic effect
of prismatic AgNPs. The ability of AgNPs to undergo photomorphic transformations
was attributed to the presence of non-adsorbed concentration of BSPP to form the
BSPP-Ag+ complex. BSPP was observed to freely complex with the prismatic
AgNPs resulting in nanoparticle oxidation during dark exposure to form nanodiscs.
During light exposure, the BSPP-Ag+ reversibly adds Ag+ to the nanodiscs to form
prismatic structures. The characteristics of synthesised photomorphic silver
nanoparticles and the rates of photomorphic transition were characterised by UV-vis
and NMR analysis. Photodevelopment time was also found to be a critical parameter
determining the magnitude of the photomorphic transition.

Chapter 6. The photomorphic AgNPs were observed to reversibly transform from
prism to disc shapes. A consistent trend of the particles to transform following a
predictable shape configuration became apparent by TEM imaging. Therefore, it is
important to discuss the shape transformation characteristics as the particles
transformed from the dark to light-state. The particles followed a specific shape
transformation in which they were observed to transform from discs to hexagons to
polygons with an increasing aspect ratio and finally to prisms. This shape
transformation was observed for all sizes of particles, however, the average size of
the particles was observed to increase predictably as a function of growth.
Chapter 7. The in vitro photomorphic silver nanoparticles antibacterial activities are
reported. Transmission and scanning electron microscopy show the effect that these
particles have on bacteria. The results suggest that dark-transformed silver
nanoparticles are three times more potent against bacteria compared to their lighttransformed counterparts. This suggests that the enhanced antimicrobial activity is
due to an increased concentration of Ag+ complex associated with dark-transformed
particles.
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Chapter 1

Literature Review

1. CHAPTER 1: INTRODUCTION
1. 1 Introduction to Colloidal Nanoparticles
Nanotechnology ― materials with structural components of sizes between 1 to
100 nm ― have been used by humankind throughout history to enhance the
performance of materials. For example, 17th Century Damascus sabres have been found
to contain carbon nanotubes (CNTs), which were responsible for giving extraordinary
mechanical properties to Muslim weaponry during the crusades (Figure 1.1).1

Figure 1.1. High-resolution transmission electron microscope image of carbon
nanotubes in a genuine Damascus sabre after dissolution in hydrochloric acid.

The Indian metal smiths responsible for the making of these sword blades had
unknowingly devised a method for synthesising the CNTs by using a complicated and
strenuous metallurgy process which greatly enhanced their quality (caused by organic
molecules in an oxygen deprived environment).2
The Lycurus Cup, dating back to the 4th century A.D., represents one of the most
famous applications of metallic nanoparticles in history (Figure 1.2). The Lycurus Cup
utilised metallic nanoparticles for their unique optical abilities to produce aesthetically
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pleasing properties. The colour of the cup changes depending whether light is reflected
on or transmitted through the glass. This colour change must have fascinated the ancient
people during that time. Today, it is known that gold and silver colloids within the glass
of the cup were responsible for giving the brilliant red and green colours that contribute
to the light scattering phenomena observed.3

Figure 1.2. (a and b) The Lycurus Cup in reflected (a) and transmitted (b) light.
In more recent times, metallic nanoparticles have been used in a more
scientifically focused approach to begin tackling complicated quantum mechanical
problems. By solving Maxwell’s equation for an electrical field interacting with
spherical metal nanoparticles under defined boundary conditions, Gustav Mie (in
1908)4, 5 was the first to develop a theory that predicted the absorption and scattering of
light by spherical nanoparticles. When a beam of light irradiates a metallic nanoparticle,
it will result in an oscillating electric field associated with the conduction electrons of
the metal nanoparticle, resulting in the absorption of the incident light.6,7 These
oscillating waves propagate along the surface of the conducting metal nanoparticle,
referred to as the surface plasmons, giving rise to unique properties such as a sharp
absorption band in the visible region. 8 The resulting absorption of visible light by the
metal nanoparticle produces a size dependent colour when in solution.9
The early pioneers of nanotechnology related size to observable characteristics.
In particular, shape dependency was enhanced by noble metal nanoparticles capable of
forming structured morphologies.10 In 2001, Mirkin’s research group reported on the

controlled synthesis of anisotropic silver nanoparticles (AgNPs) by synthesising
prismatic shaped particles driven by light excitation.11 With improved synthesis
methods allowing better control, more and more interesting shapes were made,
including but not limited to dodecahedra,12 prisms,13-15 cubes,10 plates,16, 17 and wires18,
19

(Figure 1.3).

Figure 1.3. Schematic illustration of nanostructure shapes.[19]
Metal nanoparticles were very attractive materials because of their size and
shape dependant properties.20, 21 Gaining an understanding of the science behind these
dependencies has led to captivating research in the areas of optics,22-30 electrical
conductance,31-33

catalysis,34-36

antimicrobial37-39

and

medical

applications.40

Photomorphic AgNP solutions can be considered a dynamically tunable plasmonic
fluid, a term coined by Bhattacharjee et al.41 The utilisation of this effect has
tremendous potential in applications that exploit the attributes associated with prismatic
AgNPs.42-45 The optical properties of these particles are controlled by the surface
plasmon resonance bands (SPRBs), which depend on the size and shape of AgNPs in
solution. The reversible shape-shifting effect of the photomorphic AgNPs is controlled
by light or dark exposure, respectively, and was first reported by our group resulting
from studies in this thesis (see Chapter 4). This Chapter will analyse the major factors
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that contribute to the shape-shifting ability of silver nanoparticles (AgNPs). Discussion
will focus on the recent progress and understanding of the photomorphic effect of silver
nanoparticles, namely: initial synthesis conditions, controlled photochemical growth,
chemical oxidative etching, polydispersity, and observed behaviours. This Chapter will
also focus on the broader aspects of nanoparticle theories and then the specific attributes
and features important to the photomorphic effect.

1. 2 Light Scattering and Absorption
The Mie light scattering model provides a mathematical solution that predicts the
solution colour of spherical particles with respect to their size. When nanoparticles are
not spherical, the observed spectrum will be a result of a combination of the in-plane
diameter, out-of-plane height size and shape parameters.43 The Mie theory, however,
cannot be used to directly calculate the surface plasmon resonance bands (SPRBs)
positions of arbitrary anisotropic shapes. Approaches such as discrete dipole
approximations (DDA) have been successfully used to predict the optical properties of
prism-shaped AgNPs,20, 45 where multiple plasmon peaks are predicted for prism-shaped
nanoparticles.46 In the case of prismatic silver nanoparticles, the observed spectrum
(Figure 1.4) consists of three dominant peaks that correspond to the different modes of
the plasmon excitation; namely, the in-plane dipole, in-plane quadrupole, and out-ofplane quadrupole.42 Jin et al. reported that a fourth SPRB (out-of-plane dipole) is
convoluted within the SPRBs located between the in-plane quadruple and out-of-plane
quadrupole. Additionally, they report that tip corner sharpness of the prism-shaped
AgNP greatly affects the position of the in-plane SPRBs.11 Schatz et al. confirmed this
observation by DDA modelling of various particle shapes and determined that the
amount of red-shifting was roughly determined by the sharpness of the features on the
particles.47
SPRB positions have also been reported to be highly sensitive to a small degree of
tip corner truncation of prismatic shaped particles.11 Importantly, truncation of prismshaped AgNP tips will result in a blue-shift of the in-plane SPRBs48,

49

while a

50

sharpening, in the reverse process, of these tips will result in red-shift. Jiang et al.51, 52
have also noted that the electric fields at sharper tips of the prisms are more enhanced
compared to the high curvature features of the spheroid tips, in a so-called lightning rod
effect.
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1. 3 Photomorphic Reversibility
As the size of any metal nanoparticle increases, the observed plasmon band will
become non-uniformly distributed resulting in the formation of higher modes of
plasmon excitation, referred to as a quadrupole. The occurrence of these plasmon bands
is evidenced by the formation of multiple UV-vis absorption bands in the UV-vis
spectrum.

53, 54

The resultant UV-vis spectrum will be dependent upon structural

features such as the in-plane diameter and out-of-plane height. Studies by others have
observed four distinctive surface plasmon bands associated with prismatic
nanostructures of 100 nm in-plane and 16 nm out-of-plane axes.

11, 55

Geometric

features were correlated with the in-plane dipole (770 nm) and in-plane quadrupole
plasmon resonances (470 nm), as well as the out-of-plane dipole (410 nm, usually very
weak band) and out-of-plane quadrupole plasmon resonances (340 nm). Additionally,
an in-plane plasmon band shift due to variations in tip corner sharpness was predicted
and has been recently reported to result in a red shift of the surface plasmon bands.
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The UV-vis spectral features by DDA were obtained for perfect prisms and truncated
prisms and are shown in Figure 1.4. Because the SPRB results from the average
particle shape of a highly disperse system, a peak shoulder from the different particle
shapes would not be expected within the spectra as the particles transform. However,
isosbestic points would be expected as the particles transform gradually from one shape
to another and is additionally observed in Figure 1.4 (see Chapter 4).

Figure 1.4. The DDA simulations of the orientation-averaged extinction efficiency
spectra of two Ag nanoprisms in water. (A) A perfectly triangular nanoprism and (B) a
truncated triangular nanoprism. [11]
1. 4 Chemical Synthesis of Gold and Silver Anisotropic Nanoparticles
In 1856, Michael Faraday reported a method of producing AuNPs that is
essentially unchanged to this day.57 The process begins with a wet-chemistry approach
mixing metal salts with a reducing agent in the presence of a surfactant to produce what
are known as nanoparticle seeds.
1.4.1 Nanoparticle Seeds
Self-assembled nanoparticles (NPs) formed in an aqueous solution, referred to as
colloids, are the basis of this discussion. Understanding of the behaviour of colloidal
particles in water is provided by the DLVO (Derjaguin-Landau-Verwey-Overbeek)
theory.58, 59 This theory predicts the balance between stability or instability of colloidal
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particles by relating the van der Waals attractive forces of the nanoparticle versus the
repulsive forces of the electrical double layer.60 Generally speaking, naked colloidal
particles, or nanoparticles that do not possess a protective surfactant layer, will attract
each other over relatively large distances and irreversibly coalesce into a single larger
particle .61 To minimise this process, surfactants are used during the synthesis of
AgNPs, referred to as seeds, to provide electrostatic separation, via an electrical double
layer at the colloid surface, that inhibits aggregation (Figure 1.5).62 The surfactant on
the metallic nanoparticles typically causes the surface of the nanoparticles to be
negatively charged, arising from the partial molecular dipoles or negatively charged
functional moieties. The surfactant layer is not limited to just one species, in fact,
several surfactant species can be adsorbed onto the surface of the same particle in a
process referred to as co-stabilisation.62 The positive electrical layer surrounding the
charged surfactant layer consists of cations in solution, typically from the dissociation
of surfactants and reduction salts used to synthesise the nanoparticles (e.g. R-SO3K, RCOONa and NaBH4).
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Figure 1.5. Illustration of metallic nanoparticles protected from coagulation by electrical
double layers.

1.4.2

Mathematical Principles of the DLVO Theory
The DLVO theory, in the general principles of a colloidal system,

mathematically derives the total energy of interaction (GT) between two spherical
nanoparticles (Equation 1.1).60 GT is given by the combined sum of equations for
electrostatic energy of repulsion (Gel) and van der Waals attraction forces (attractive
energy) (GA).

(1.1)
Gel= electrostatic energy of repulsion
GA= van der Waals attraction forces
The electrostatic energy of repulsion part of Equation 1.1 is expressed as the
function in Equation 1.2.60 The electrostatic energy of repulsion significantly increases
with greater surface potential (zeta potential), Debye length (discussed below), and
distance between nanoparticles, h.

(1.2)
εr= relative permittivity
ε0= permittivity of free space
R= particle radius
ψd= surface potential
h= distance between nanoparticles
= Debye length (see discussion below)
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The Debye length is expressed in Equation 1.3.60 The Debye length (double
layer thickness) increases with the decrease in electrolyte concentration and decrease in
the valence charge of the ions.

(1.3)
K = Boltzmann constant
T= absolute temperature
n0= number of ions
Z= charge of ions
The van der Waals attraction forces part of Equation 1.1 is expressed as the
function in Equation 1.4.60 The equation is dependent on the condition that two
spherical particles of the same diameter and a certain distance apart are present in the
system. The Hamaker constant (A11) is the total cumulative contribution of atoms and
compounds per unit volume of a particle with respect to London dispersion forces
between two interacting bodies.

(1.4)

Whereas; S= (2R+h)/R
R= radius of particle
h= distance between particles
A11= Hamaker constant
Whereas; A11= π2q2β11
q2= number of atoms or molecules per unit volume

β11= London dispersion constant of a particle
GA then can be approximated (Equation 1.5).60 GA is proportional to the radius
of the particle and A11, Hamaker constant and inversely proportional to distance
between particles.

(1.5)
When the total energy of interaction Equation 1.1 is negative, the nanoparticles
stability is not sufficient and agglomeration (coagulation) begins to occur. A plot of free
energy versus particle distance reveals that particles destabilise when distances are too
close or too far and optimum stability at Gmax (Figure 1).60

Figure 1.6. The Energy–distance curve for electrostatically stabilized systems. [60]
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1.4.3

Typical Routes to Synthesise AgNPs
The most common synthesis route for AgNPs is usually via a reaction of a

soluble metal salt in the presence of a suitable reducing agent and stabilising surfactant.
The properties and stability of the colloids will be determined by the nature of the
surfactants that adsorb on the surface of the growing NP.62 Most NP synthesis methods
produce polydispersed spherical particles.63 An improved degree of control over the size
distribution can be achieved by careful choice of the surfactants used during the
synthesis of the NPs.64 For example, 3~5 nm spherical diameter NPs have been
prepared by using NaBH4 and trisodium citrate (TSC),65 6~10 nm spherical NPs by
trioctylphosphine,66 and 15 and 43 nm spherical diameter NPs by using D(+)-glucose
and NaOH.67 Importantly, during nanoparticle seed formation, silver cations must have
a sufficient diffusion capability to cross the surfactant layer boundary at the surface of
the AgNP.68, 69 The growth of metal NPs is generally follows an established mechanism,
with a number of defined growth steps beginning with nucleation, followed by a second
stage of reversible nanoparticle growth, and ending with termination, where exchange
of Ag+ stops.70
Shapes other than spheres (nano-cubes, -rods, -plates, etc) can result from
surfactant interaction with the environmentally initiated growth of the seeds onto the
different faces of the nanoparticles.63 For example, seed mediated growth has been used
with various methods to produce:


175 ± 13 nm nanocubes formed in the presences of poly(vinyl
pyrrolidone) in ethylene glycol at 160 °C (PVP).71



42 ± 3 nm long nanorods formed in the presence of trisodium citrate
(TSC), ascorbic acid, cetyltrimethylammonium bromide (CTAB) and
NaOH.72



68 ± 11 nm truncated triangular nanoplates formed by a process
described in the literature as the soft template method, using ascorbic
acid in an alkaline solution of highly concentrated CTAB.13



65 nm triangular nanoplates formed by chemical synthesis with TSC,
sodium dodecyl sulphate (SDS) and sodium chloride.73



Nanoprisms-photoinduced mediated growth with TSC and BSPP.11



The simultaneous synthesis of two prism-shaped particles at 70 ± 12 nm
and at 150 ± 16 nm were formed by dual-beam illumination of particles
prepared in the method above.48
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1. 5 Formation of Prism Shaped Anisotropic Nanoparticles
Not surprisingly, the chemistries associated with the synthesis of prismatic
shapes74, 75 are closely related to those associated with the formation of photomorphic
AgNPs. Jin et al. 11 have reported a method for the photoinduced synthesis (see Sections
1.7 and 1.8) of AgNPs to prisms that are morphologically locked. In this method the
chemical reagents are AgNO3, trisodium citrate (TSC) and 4,4‘-(phenylphosphinidene)
bis (benzenesulfonic acid) dipotassium salt (BSPP) as co-stabilisers, and NaBH4
reducing agent. The first step for the photoinduced synthesis of prismatic AgNPs is the
chemical reduction of AgNO3 by sodium borohydride (NaBH4) in water with TSC
stabiliser resulting in the formation of spherical AgNPs. The reduction mechanism of
Ag+ to elemental silver is shown in Equation 1.6. 76
8 Ag+(aq) + BH4- (aq) + 8 OH- (aq) = 8Ag(s) + H2BO3-(aq) + 5H2O(l)

(1.6)

BSPP co-stabiliser is then added to the colloidal mixture and photodeveloped,
forming prisms over several hours. Interestingly, the addition order of the BSPP
stabiliser has been shown to be critically important for the resulting prismatic particles
to have post synthesis shape-shifting capabilities. Lee et al. have reported that reducing
the initial synthesis mixture in the presence of BSPP resulted in the prismatic AgNP
being morphologically locked.
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In other words, by reducing the Ag salt with BH4- in

the presence of BSPP the resulting photo-induced prismatic particle will not possess the
ability to shape-shift. However, addition of BSPP after reduction of Ag+ to seed AgNPs
results in the prismatic AgNPs, formed by photo-irradiation, possessing the ability to
shape-shift.
The initial synthesis conditions reported by Jin et al. produce seed particles of
8.0 ± 1.7 nm diameter.11 Contrasting this, the synthesis conditions for the shape-shifting
AgNPs have been reported to produce polydisperse seeds with particle sizes of 25 ± 16
nm. Under these modified conditions, the reaction mixture contained the identical
chemical species. However, subtle changes in the initial synthesis concentrations, as
well as the order of reagent addition, resulted in a dramatic change in the dispersion of

seed sizes. Photodevelopment of the seeds produced by the Lee et al. method over
several hours by either conventional 40-W fluorescent bulbs11,
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or in a Rayonet

photochemical reaction chamber (Chapter 4) resulted in the seed particles being
photoconverted into prism shapes.
1. 6 Importance of stabilisers and co-stabilisers (Citrate and BSPP)
Citrate in addition to being used as a stabiliser contributes to the growth of
AgNP following a seed to prisms evolution process.78, 79 Interestingly, Sun et al. also
reported that by protonating the citrate moieties to citric acid, that direct prism growth
was inhibited. They postulated that the inhibition was due to three reasons: 1) the
acidity of the H+ changed the already complex equilibrium processes at the surface of
the colloids, 2) the low concentration of citrate ions in acidic solutions, and 3) inter- and
intra-molecular hydrogen bonding associated with citric acid would greatly reduce the
coordination chemistry for prism directed growth.78 The use of unsaturated
dicarboxylate-stabilisers, sodium maleate and sodium fumerate, has been reported by
Sarkar et al.80 to be capable of stabilising seed particles, however, these particles were
not reported to develop into prisms. Pillai et al. demonstrated strong complexation of
the carboxylate moieties in citrate, suggesting that this directs the shape growth of the
AgNPs.81
The prism-directed growth processes involve the citrate surfactant selectively
adsorbing onto the favourable (111) face-planes and acting as a template towards
preferential growth orientations 74, 82 and directing the anisotropic preferential growth to
prisms by hindering or promoting atom addition during particle growth, described by
Mirkin et al. as “face-blocking”.83 Lofton et al. reported that the height of the prisms
was caused by parallel twin planes that form on the (111)-type faces leading to platelike structures.84 This allows for the large aspect ratios observed in prism-shaped
particles.
A degradation pathway for citrate during photoreaction was reported in the
literature as Equation 1.7;75
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Ag , hv
Citrate 
1,3  acetonedicarboxylate  CO2 
 Acetoacetate  CO2  H  (1.7)

The degradation product, formed as a result of photoirradiation, is unable to
interact with the AgNP. Therefore, loss of citrate will ultimately influence AgNP
formation.
Sun et al. report that although TSC had been reportedly used in many methods,
other surfactants are generally used to achieve better size monodispersity.78 As in the
Jin et al. method, BSPP (a water soluble triphenylphosphine) was used as a
costabiliser.11 BSPP is not critical for affecting the shape of the bimodal growth.48
However, by complexation with Ag+, BSPP acts as a cation mediator, increasing the
concentration gradient in solution and contributing to shorter synthesis times compared
to those stabilised by citrate.75 Importantly, Xue et al. reported that BSPP in solution
gradually converts to triphenylphosphine oxide (TPPO) (Equation 1.8) which does not
associate with Ag+ ions.75 This mechanism is crucial in understanding AgNP
photomorphism and will be discussed later in relation to the shape-shift mechanism.
hv
BSPP 
TPPO

(1.8)

1. 7 Wavelength Dependent Growth of AgNPs to Prisms
According to Maillard et al. the irradiation wavelength of light used to
photodevelop the AgNPs into prisms was critical towards controlling the shape.85 This
was supported independently by Callegari et al.,86 who concluded that light was a major
control parameter in metallic nanoparticle growth reactions, as they observed different
shapes when the NPs were grown under irradiation with different wavelengths of light.
Jin et al. were also able to show the unprecedented control to the edge length for prism
shaped particles that could be obtained by various photodevelopment wavelengths.
They could actively synthesise two populations of particles, with edge lengths of 70 ±
12 nm and 150 ± 16 nm, when one solution was photodeveloped simultaneously by two
different wavelengths of light.48
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1. 8 Photochemistry of the Ag+ and AgNP
The exact growth mechanism remains uncertain for AgNPs; however particle
growth has been attributed to face-selective reduction of Ag+ caused by an excitationinduced ultrafast charge separation of surface plasmon resonance49 (SPR) on the
nanoparticle surface.83, 85 It has also been reported in the literature that the Ag+ is able to
coalesce onto the surface of the AgNPs as the nanoparticles act as a catalyst for electron
transfer.87 The light-induced reaction has been summarised in the literature in the
following equations (Equations 1.9 – 1.11).88 Hartland et al. summarised that the
ultrafast (18 ps) photoejection (Equation 1.9) is a biphotonic process that yields
electrons that undergo quick recombination (Equation 1.10) and some that will
accumulate at or near the colloid surface (Equation 1.11).
(Ag)n + 2hυ  (Ag)n+ + e-aq

(1.9)

(Ag)n+ + e-aq  (Ag)n

(1.10)

(Ag)n+  (Ag)n-1 + Ag+

(1.11)

The charge transfer-to-solution growth by light energies sufficient for this
molecular energy transition is expanded by Otto et al.,89 who state that a size-related
growth mechanism exists for the photodeveloping AgNPs as smaller sized nanoparticles
donate their mass to larger sized particles (Equations 1.12 – 1.14).
hv

Ag n 
Ag n1  Ag   eaq

(1.12)

hv

eaq
 Ag m 
Ag m

hv
Agm  Ag 
Agm1

(1.13)
m>n

(1.14)

The typical UV-vis spectra for the synthesis of shape-shifting AgNPs followed
the growth trends for photodevelopment of classically synthesised prism-shaped AgNPs
as reported by Wu et al.74 (Figure 1.7).

Figure 1.7. (A) UV-vis spectra of a colloid solution taken after 0, 63, 129, 207, 236 and
374 min of white light illumination. B) Corresponding absorbance at 400 nm (black
square, λ max for the starting Ag seeds) and 630 nm (red diamond, λ max for in-plane
dipole bands of the nanoprisms) as a function of illumination time. Reproduced with
permission from [74] Copyright [2008] American Chemical Society.

46

1. 9 Passivation of Nanoparticles
Depending on the chemical species used as a surfactant, NP behaviour, such as
growth, instability and the ability to shape-shift, can be halted by the addition of a
ligand in a process referred to in the literature as particle passivation.90 The capping
agent, usually an organic molecule, serves to protect the particle’s surface from
nucleation through low-temperature post-synthesis operations, preventing both
agglomeration and reaction with the ambient environment.91 AgNPs usually strongly
bind to amines and thiols.92 Jiang et al. have reported that upon addition of 1hexanethiol, 1-octanethiol, 1-dodecanethiol, and 1-hexadecanethiol, prism shape growth
was inhibited.93 Particles have also been reported to be passivated by polymers.94 Rao et
al. have reported using long chained molecules such as stearic acid and lauryl amine as
passivating agents to render the particles completely stable under ambient conditions.95
Many routes for particle passivation have been employed to protect the AgNPs and the
protective surfactant interaction used as an application basis. Peptide nucleic acids
(PNA) have been complexed with complementary DNA counterparts and used in a
colorimetric DNA detector.96 Maly et al. have reported using biotinylated silverdendrimer nanocomposites as novel biospecific labels.97 Passivation by thioalkyl chains
with different lengths was successful in self-orientating clusters of silver nanoparticles
into two- and three- dimensional structures, showing that even by passivating the
nanoparticles, further interactions can be controlled by variations in the chemical
passivation species.98

1. 10 Photomorphic and Photochromic Effect of Silver Nanoparticles
1.10.1 Previously Reported Photochromic AgNPs in the Literature.
Shape changing nanoparticles have been well known in the literature, with
similar shape-shifting effects of photomorphic nanoparticles reported for at least three
decades. Photochromic glass containing silver halide NPs has been reported.99 However
rather than producing colour shifts, they change from shades of dark-grey to colourless.
Electro-optical shifts in silver nanoparticle films have also been known for many
years.100 Multicolour photochromism of TiO2 films loaded with AgNPs were shown to
possess controllably switchable colours by exposure to visible or ultraviolet light
irradiation due to a photo-oxidation process.101 There is, however, only limited literature
on controllable shape-shifting nanoparticles.
An irreversible shape transformation from prism- to disc-shaped particles has
been demonstrated by Zeng et al. using a non-photochemical method.102 The synthesis
of prism-shaped AgNPs was achieved in aqueous solution by using a technique referred
to in the literature as the self-seeding co-reduction method.103 In this method, particles
were transformed from prism to disc-shapes, and this was attributed to tip-corner
oxidation due to poor surfactant coverage in these regions.102 One group observed an
unexpected blue-shift of 100 nm as a result of truncation of the prism-shaped particles
within 40 minutes after synthesis using a thermo-chemical protocol (Figure 1.8).104 The
shape transformations of these particles were caused by an irreversible, thermally
driven, oxidative etching process74 to the more easily oxidised tip corner regions of the
prisms.105
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Figure 1.8. Observed blue-shifting of a solution monitored for 40 minutes at 5 minute
intervals after thermal wet-synthesis. [104]

1. 11 Discovery of Photomorphic AgNPs
Not unsurprisingly, the shape-shifting ability of AgNPs was discovered by
accident in an optimisation study on the formation of highly monodisperse and stable
prismatic nanostructures. These studies involved variation of the reagent concentration
ratios of silver nitrate (AgNO3), trisodium citrate (TSC), sodium borohydride (NaBH4),
and Bis(p-sulfonatophenyl) phenylphosphine dipotassium salt (BSPP)77 which was
derived from a well-established method.11 During these investigations, a small amount
of the prismatic AgNP solution was left in the dark, while the synthesis solution was left
in the light. Several hours later a colour difference between the dark-exposed solution
(pink) and the light-exposed solution (blue) was observed. When the dark-transformed
solution was placed in the light, it turned to a blue colour over a matter of minutes.
TEM imaging confirmed that the change of colour of the solution was caused by the
truncating tip corners of the prism-shaped particles, as seen in Figure 1 (Inset).77 As a
consequence, the focus shifted towards determination of optical properties associated
with the shape-shifting capability of the nanoparticles.
The chemical synthesis conditions were observed to contribute significantly to
the magnitude of change to the UV-vis in-plane dipole SPRBs (∆max) observed in
shape-shifting AgNPs. Although all of the chemical species were important for
formation of the prismatic AgNPs, two chemical species (AgNO3 and BSPP)77 were
found to contribute to the greatest change of ∆max when their concentrations were
varied. For example, increasing the ratio of the BSPP to the AgNO3 caused an increase
to ∆max. A blue-shift of 36nm was observed in solutions synthesised with a 0.6 ratio of
BSPP to Ag+ and a 93nm blue-shift with those synthesised with a 1.14 ratio.77
Interestingly, it was found that adding a ratio of BSPP to Ag+ greater than 1.7 produced
no band shift, with the colour of the solution turning colourless or clear. This effect was
attributed to the complete oxidation of the AgNPs.77
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1. 12 Light-Driven Nanoparticle Polydispersity
The fact that polydispersity in particle shape is observed, even in the most
controlled processes, is not always obvious in the literature.106 The various chemical
processes and equilibriums tend to lead to a large polydispersity in sizes and shapes
ranging from triangular prisms and hexagons to decahedra.107 Millstone et al. have
reported that large deviations to the particle shapes are caused by even small changes to
the synthesis routes used to generate the prismatic NPs.83 Indeed, total shape
homogeneity is tremendously difficult to obtain, as it is controlled by many variables
within the growth process. Others have even resorted to experimenting on single
particles to avoid polydisperse particle interactions.43 The desire of the scientific
community to produce the greatest monodispersity of particle shapes possible has
probably contributed to these particles not being reported sooner.

The photodevelopment process inherently contributes to polydispersity as
illustrated in (Figure 1.9). For instance, when the initially synthesised spherical
particles reported by Jin et al.11 are photodeveloped, Equations (8-10) dictate that a light
driven growth process must produce two different populations of NP sizes, as one
population of particles will donate their mass to another population of particles (see
Chapter 3) (Figure 1.9a).11,
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With the continuing growth of the photodeveloping

nanoparticles, the smaller clusters become less stable as they gradually become smaller
and eventually dissolve when they reach their critical nucleus size, transferring their
mass on to larger clusters (see Chapter 3 and 4) (Figure 1.9b).70 The monodisperse
particle formation in solution may only occur as a function of longer photoinduction
times.11
The entire growth mechanism can be seen as a finite process that has been
categorised by Jin et al. into three distinctive stages: induction, growth, and
termination.11 The sizes and shapes of the particles are most uniform at the termination
stage (Chapter 4) (Figure 1.9c). Importantly, the polydispersity may also be increased
after termination by another competing process, referred to as photoablation, as a result
of oxidation of surfactants by light excitation (Chapter 5) (Figure 1.9d).

52

a) induction

c) termination

b) growth

d) photoablation

[surfactant, reductant] vs. time
Light Intensity vs. time
time
Figure 1.9. The illustration of particle formation at four periods of photodevelopment
time (a-d). Also, the depiction of decreasing surfactant and reductant concentrations
(black) at constant illumination intensity of light (white) (insets).

1. 13 Fundamental Mechanisms for the Photomorphic Effect that Causes the
Shape-shift of the AgNPs
The shape-shifting of photomorphic AgNPs was attributed to two competitive
reactions, as compared to a similar shape-shifting effect that was reported by Roh et al.
in the literature.109 These transformations were accomplished without light and were
due to chemical oxidative etching and chemical reduction. Chemical oxidative etching
by KMnO4 was shown to truncate the tip corners of AgNP prisms, which caused them
to transform to discs shapes while remaining as stable colloids in the solution.109 The
reverse chemical reduction reaction was achieved by the addition of the chemical, Lascorbic acid, which caused the discs to transform back to prism shapes without
photodevelopment.109 The morphologies of the AgNPs were reported to be reversible
between the two shapes for several cycles with the addition of the appropriate chemical
species. Although, the AgNPs destabilised and subsequently precipitated out of solution
when salt concentrations increased.109
With regards to photomorphic shape-shifting, the same principles would apply, however
light drives the redox process. The chemical species attributed to be the photo-chemical
reduction and chemical oxidative etching agents were citrate and BSPP. Citrate has
been reported in the literature to reduce Ag+ on the surface of AgNPs during
photodevelopment.74,

75, 110

Although BSPP is a co-stabiliser of AgNPs, it was also

reported to act as a oxidising agent of AgNPs in the absence of light.75 Furthermore,
BSPP has been reported to autoxidise slowly to TPPO.111 BSPP will coordinate with
Ag+, while TPPO does not complex with Ag+.75 Thus, concentrations of BSPP will
gradually deplete in solution over time, converting to TPPO, and reducing the oxidative
etching potential of the prisms to disc shapes between cycles.
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The phenomenon of twinning has been reported to significantly influence the
shape and growth of nanoparticles, with twinning planes providing a focal point to
confine the growth orientation as particles transform from discs to prisms (Figure 1.10).
10, 75, 84, 112

Specifically, AgNPs have been reported to have hexagon shapes,84 caused by

a sixfold symmetry which results from orientations of stacking faults of the twin planes
for this fcc metal (the six faces have three concave and three convex alternating
orientations).84 According to Sau et al.,112 the ‘general rule of crystal growth’ is that
adsorbing atoms add to regions of nanoparticles where coordination is maximized in
order to increase stabilization energy. This ‘general rule of crystal growth’ can be
applied to the corresponding shape directed growth of AgNPs and their twin planes. As
described by Lofton et al.,84 growth is accelerated on the three sides of concave
orientations and slower on the three sides of convex orientations because the concave
faces have higher coordination regions, termed as re-entrant grooves.75, 84 This results in
the shape growth being driven to hexagons of increasing aspect ratios to form prisms as
the concave faces eventually disappear (see Chapter 6).

Figure 1.10. Alternating sides contain re-entrant groove type-faces and convex-type
faces. The re-entrant groove type-faces grow faster than the convex-type faces. [87]
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1. 14 Antimicrobial Application for Shape-shifting AgNPs
Light initiated release of materials which are toxic to bacteria is an emerging
area of interest. This approach was demonstrated using Palladium oxide (PdO) on
titanium oxide matrixes that demonstrate the ability to reversibly deliver metal cations
into solution controlled by light exposure (Figure 1.11).113 The cations were shown to
be toxic to bacteria. In this application, the nanoparticles act as a vessel for transporting
and dispersing the cations. In the PdO matrix, visible-light allows the NP stability to be
retained while exposure to the dark causes cation migration away from the particles as
electrons discharge from the PdO NPs.

Figure 1.11. Schematic illustration of the process of photoelectrons flowing to PdO
nanoparticles on TiO matrix under visible light illumination and the process of
discharging of PdO nanoparticles when the visible light is switched off. (Note that A
refers to an electron acceptor which could accept surface photoelectrons, while D refers
to an electron donor which could donate electrons and react with surface holes).[113]
Silver nanoparticles have also been a frequent choice for antimicrobial research
as they were presumed to have similar innate antimicrobial activities as silver salts114, 115
and complexes116,

117

. Studies have shown that silver nanoparticles indeed displayed

antimicrobial potency against bacteria118, 119. Recently, Gunawan et al. demonstrated a
reversible antimicrobial photo-switching effect of AgNPs by using an optical
wavelength-selective technique.120 They controlled the reduction and oxidation of Ag+
to AgNPs on a TiO2 support by subjecting the system to two different light frequencies.

Thus, they controlled the concentration of Ag+ in solution by light interaction with the
AgNPs/TiO2 and were able to produce an antimicrobial effect.
The photomorphic effect of AgNPs could be used in a simpler application
because the two shapes (prism and disc) also facilitate control of Ag+ concentrations in
solution as illustrated in Equation 1.15. However, photomorphic AgNPs may be
potentially more useful as their cation dispersion mechanism is independent of a
titanium oxide substrate (Chapter 8).

[BSPP]
+

[BSPP-Ag+]
+

dark
λ575nm

Prism

(1.15)

Disc

1. 15 Which is more Antimicrobial: Shape of NP or Chemical Species?
Kasuga

et

al.

have

reported

that

silver

complexes

composed

of

triphenylphosphine demonstrated moderate to modest antimicrobial activities against
bacteria.121 Interestingly, Pal et al. reported that prism-shaped silver nanoparticles
displayed

stronger

biocidal

action

compared

to

spherical

and

rod-shaped

nanoparticles.122 Therefore, an important question arises: whether the solutions
containing a high level of prism-shaped particles and a lower level of silver
triphenylphosphine complex would have a higher antimicrobial activity versus the
solutions which contained a low level of prism-shaped particles and a higher level of
silver triphenylphosphine complex. In other words, would the dark-transformed state
have a greater antimicrobial potency against bacteria in comparison to the lighttransformed state? Further investigation is required to answer such a question and is
discussed further in Chapter 7.
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1. 16 Summary
The discovery and subsequent research into photomorphic AgNPs could vastly
contribute to the improved fundamental understanding of prism-shaped nanoparticle
principles. The experimental control of particle shape composition could be related to
DDA theoretical calculations. Additionally, because of the versatility of this effect to
control Ag+ concentrations in solutions by light, antimicrobial applications seem quite
possible. However, there is still much underlying work and a substantial amount of
effort necessary in understanding this effect to answer these questions or lead towards a
plethora of other future applications offered by shape-shifting AgNPs.

The aims of this thesis were to determine the following:
1. What are the optimum conditions for synthesising photomorphic AgNPs?
2. What conditions are necessary for cycling the photomorphic AgNPs between
light and dark states?
3. How the morphology and shape distribution of the AgNP particle changes
between light and dark states, and what are the resultant the spectral
characteristics of these cycled photomorphic AgNPs?
4. How

the

stabilising

photo-oxidising

surfactant,

4,

4’-

(phenylphosphinidene)bis(benzene sulfonic acid), undergoes degradation and
how the products of this processes influences the photomorphic cyclability of
the AgNP?
5. How the photomorphic AgNPs changes shape from discs to prisms, what shapes
could be obtained, and how the shape transformation process related to the
optical absorbance?
6. If these photomorphic AgNPs have an enhanced antibacterial behaviour? What
morphology or chemical species of Ag is more potent towards bacteria? To this
end, what is the minimum inhibitory concentration of bacteria exposed to the

different treatments of the photomorphic AgNPs and what are the observed
response of the bacteria as they responded to these treatments?.
7. If Ag+ BSPP- complex is more potent against bacteria when compared to Ag0.
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CHAPTER 2: INTRODUCTION

2. 1 Experimental Techniques

The reversible shape-shifting effect of photomorphic AgNPs, with the ability to
transform from prisms to discs in the dark and back to prism shapes upon subsequent
light exposure was first observed by research conducted at the University of Alaska
Fairbanks.1 Chemical concentrations and ratios were the major focus of that research
with only minimal understanding of what caused the effect to occur. Certainly, no
mechanistic knowledge was elucidated during that work. Therefore, the optimum
concentrations determined from that study were used during the new research conducted
at the University of Wollongong. This chapter gives directions for synthesizing and
developing photomorphic Ag nanoparticles.

2. 2 Methodology
2.2.1

Reagents

Silver Nitrate (AgNO3), sodium borohydride (NaBH4), trisodium citrate (TSC), and 4,
4-(Phenylphosphinidene) bis-(benzenesulfonic acid) (BSPP) were ordered directly from
Sigma-Aldrich and were used without further purification. The NaBH4 was stored at
4°C to prevent degradation. All water was used at Millipore Milli-Q quality. All
glassware used was cleaned via a 10% nitric acid wash and then triple rinsed with H2O.

2.2.2

The synthesis of AgNPs from stock solutions

The use of stock solutions was necessary for the preparation of solutions by serial
dilution to minimise experimental error commonly associated with measuring out low
masses of reagents. The stock solutions were also helpful in controlling the speed of
reagent addition and proper homogenization. For example, reduction of the silver salts
could be achieved by drop wise addition or complete volume delivery of NaBH4 to the
reaction vessel. Additionally, the stock solutions allowed for maximum time efficiency
per experiment as many solutions could be made from one stock solution. The masses
of reagents and volumes of solvent used for these stock solutions are now discussed.
2.2.3

Solution Preparation and Composition

2.2.4 AgNO3
Aqueous stock solutions of 0.01M AgNO3 were prepared by dissolving ~0.085 g of
AgNO3 in 50 mL of H2O. Stock solutions were stored in the dark up to one month
before discarding.
2.2.5 NaBH4
Aqueous stock solutions of 0.02M NaBH4 were prepared by dissolving ~0.040 g of
NaBH4 in 50 mL of H2O. Stock solutions were not stored and freshly prepared for each
experiment.
2.2.6 4, 4-(Phenylphosphinidene) bis-(benzenesulfonic acid) (BSPP)
Aqueous stock solutions of 0.005M BSPP were prepared by dissolving ~0.025 g of
BSPP in 10 mL of H2O. Stock solutions were not stored and freshly prepared for each
experiment.
2.2.7

Citrate Stock Solution

Aqueous stock solutions of 0.02M NaBH4 were prepared by dissolving ~0.290 g of
trisodium citrate in 50 mL of H2O. Stock solutions were not stored and freshly prepared
for each experiment.
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2. 3 Synthesis of Photomorphic AgNPs

The synthesis and post-synthesis processing of the photomorphic nanoparticles used in
this work are characterised by four steps. 1) The process begins with the reduction of
silver salts to AgNPs. This synthesis step produces 25 ± 16 nm spherical particles. 2)
This was followed by the photodevelopment of the AgNPs to prism-shapes. The
average particle side length of the prism-shaped particles was 62 ± 13 nm. The average
z-plane height was 10 ± 1 nm. 3) This was followed by the transformation of the prism
shapes into disc-shapes. The average disc diameter size was 50 ± 13 nm. The average zplane height was 10 ± 1nm. In the experiments, these disc shapes were generally the
starting material for experimentation as they could be stored for long periods of time
(weeks) without appreciable lose to the photomorphic transformation capability. 4)
Reverse photo transformation of the disc-shaped particles back to prism-shapes. A
description and characterisation of shapes and sizes for each step is further discussed in
Chapter 3.
After synthesis the control of the particles is limited by steps 3 and 4. These two
processes were reversible (i.e. prism-shapes reverted to discs when placed in the dark
and visa versa).

2.3.1

Step 1: Synthesis of As-synthesised AgNPs

Colloidal Ag nanoparticles were synthesized by reacting 0.50 mL of 10 mM AgNO3,
with 1.0 mL of 20 mM of sodium citrate, with 1.0 mL of 20 mM of NaBH4. Then 1.0
mL of 5 mM of 4, 4-(Phenylphosphinidene) bis-(benzenesulfonic acid) was added to
this reduced solution.
The calculated concentration of reagents and necessary volumes of stock solutions to
make the proper concentration are shown in Table 2.1.

Table 2.1. The empirical values used to determine delivery volumes with associated
concentrations.
Variables

AgNO3

TSC

NaBH4

BSPP

C1 (M)

0.01

0.02

0.02

0.005

V1 (mL)

0.5

1.0

1.0

1.0

C2 (M)

0.00005

0.0002

0.0002

0.00005

V2 (mL)

100

100

100

100
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2.3.2

Step 2: Photodevelopment of Prismatic Photomorphic AgNPs from the Assynthesised solutions

The samples were photodeveloped in a Rayonet Photochemical Reaction Chamber
(Branford, Connecticut) over 1 to 12 hours with sixteen 575nm Rayonet fluorescent
bulbs (unless otherwise specified).

2.3.3

Step 3: Transformation of Photodeveloped Prismatic AgNP Solutions into Darktransformed AgNP Solutions

Photodeveloped AgNP solutions were placed in a dark place for an amount of time
(depending on experimental requirements) immediately after photodevelopment, Step 2.
The solutions gradually turned from a blue to a red colour after several minutes of dark
exposure (Chapter 3). The ability of the solution to photomorph was critical. Solutions
that failed to change colour were not photomorphic and were not used for experiments.
The biggest contribution for failed photomorphic particle synthesis was the use of
reagents which had reached the end of their shelf-life, or to a lesser extent, glassware
that was not sufficiently clean. If solutions were determined to be non-photomorphic,
the stock solutions were synthesised using fresh chemical reagents.

2.3.4

Step 4: Transformation of Dark-Transformed Solutions to Light-transformed
Solutions

The conversion of solutions containing dark-transformed AgNPs to light-transformed
AgNP solutions was accomplished by placing samples derived from step 3 in the light
for 20 minutes (unless otherwise specified). During this time the colour of the solution
would change from pink to blue, with an intermediate purple colour observed (Figure
2.1).

a)
546

562

575

582

586

591

591

592

593

b)

Figure 2.1. a) Photographs of the changing color of the photomorphic AgNP solution in
response to light. This is an image of the same solution exposed to light at times 0, 2, 4,
6, 8, 10, 12, 14 and 16 minutes of light excitation, respectively, starting from left to
right. The numbers indicate the wavelength at the absorbance maxima. b) UV-vis
spectral red-shifting of the solution at 0, 2, 4, 8, and 16 minutes.
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2. 4 Sample Characterisation
The samples were characterised by using two key techniques: UV-vis spectrometry and
Electron Microscopy (TEM and SEM).
2.4.1

UV-vis Spectrophotometry

The UV-vis spectra of all samples were recorded in 1 cm polycarbonate cuvettes using a
UV-1601 Shimadzu spectrometer. Additionally, cuvettes containing solutions were
capped with a small strip of parafilm to prevent significant evaporation effects. Spectra
were acquired from 300 to 900 nm.
2.4.2

SEM and TEM samples

Micrographs were obtained with a TEM (Joel JEM 2011 TEM- 200 kV) and a SEM
(JEOL 7500FA). Samples were prepared for imaging work by casting single 8 µL
aliquots of the desired solution onto Lacey formvar/carbon or holey carbon on 200 mesh
Cu grids (Agar Scientific) and allowed to dry under a N2 stream for several minutes.
Samples were analysed immediately after drying, to prevent degradation (unless
otherwise specified). Importantly, particle shapes were noticed to irreversibly aggregate
when the samples on the TEM grids were left exposed to ambient conditions for more
than 4 hours. This degradation was attributed to moisture interacting with the AgNPs to
form aggregate structures because the particles are thermodynamically more stable as
larger particles and will merge together to maximise stability. (Figure 2.2).

aggregation

Figure 2.2. The aggregation of particles left too long under ambient conditions without
imaging.

2. 5 Preparation of Bacteria on TEM grids

Bacterial samples were prepared on grids as above however sequential drops of EtOH
(50%, 75%, and 90% (vol/vol)) were cast onto each grid and allowed to dry completely
under the nitrogen stream. This treatment was done to prevent deformation of the
bacteria during SEM and TEM imaging.
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2. 6 Preparation of Electrochemical Materials

Electrochemical testing was performed on samples prepared by adding 3 mL of step 4
to 0.5 mL of EDOT (Sigma-Aldrich). The supernatant of this solution was used to grow
films by CV on ITO glass.
2. 7 Emission Profile of the Rayonet Photochemical Reaction Chamber
The emission spectrum of the Rayonet bulbs revealed the illumination profile of
the device (Figure 2.3). In the bulb profile, it is apparent that two major broad peaks
can be observed. The first peak ranged from ~520 to ~660 nm while the second peak
ranged from ~690 to ~880 nm. Indeed, the emission of the first peak is greatest at ~575
nm.
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Figure 2.3. The emission profile of the 575 nm lamp bulbs.
The temperatures of solutions during photodevelopment in the Rayonet reactor
were recorded and were determined to have stabilised after ~ 30 minutes (Figure 2.4).
The solution temperature started at ~21°C and thereafter the lamp increased the
temperature versus ambient conditions of the solution by ~4°C with the cool air

circulator running on the Rayonet photochemical reaction chamber. The greatest change
happened during the first ten minutes of photodevelopment of the solution.
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Figure 2.4. Effect of light exposure on the temperature of the solution during 1 hour of
photodevelopment.
Actinometry was not practical for this study. As reported in the literature, determination
of chemical actinometry is limited to light ≤ 450 nm.2 In Chapter 3, it will be shown
that 575 nm bulbs were necessary to grow prism-shaped AgNPs, and as discussed in
Chapter 1, this was well above the maximum threshold for actinometry methods.
Furthermore, the bulb intensities were too great from instrumental measurement to be
practical. Included in Appendix A is a photon flux spectral energy emission profile
from the manufacturer which gives the power output per 10 nm for the RPR-5750
Rayonet bulbs used in the experiments for this thesis.

2. 8 Interferences

The utmost care was taken to prevent contamination of AgNP solutions. The glassware
was always cleaned by washing for 10 minutes with 10% (v/v) HNO3 before the
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beginning of the experiment. The solutions were free of halogens because 18.2 MΩ H2O
was used in each experiment without exception.
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CHAPTER 3: INTRODUCTION

3. 1 The Formation of Photomorphic Ag Nanoparticles
Prism shaped AgNPs are synthesised by the photodevelopment of initiallysynthesised colloidal AgNPs to prisms. These AgNP prisms, that were photodeveloped
using the synthesis method described in Chapter 2, were photomorphic. Typically,
photodeveloped prism shaped AgNPs are not photomorphic.1 Therefore, it is important
to describe each process for the synthesis of photomorphic AgNPs to understand how
these particles are formed. This process follows a predictable and characterisable
development to Induction (Seeding) and Growth steps as described in Section 1.12,
however, the particles are not driven by the light to termination or photoablation as
described in Section 1.12. Instead, the solutions are removed from photodevelopment
during Growth, and the process diverges to Photomorphic Dark Transformation and
Regenerative Light Transformation as characterised and described in Sections 3.4 – 3.5
and Chapters 4, 5 and 6. The seeding sections describe the synthesis and
characterisation of spherical colloidal AgNPs. The growth section describes how light
interacts with the seed solutions to produce prism shaped AgNPs. The photomorphic
transition section describes the observed characteristics of the transition of prismshaped particles during dark exposure to form discs. The regenerative light
transformation section describes the characterisation of the transformation of dark
exposed disc-shapes back to prisms when placed in the light.

3. 2 Seeding: Characterisation of Initially Synthesised Silver Nanoparticles.
The synthesis of photomorphic AgNPs begins with the reduction of AgNO3 in the
presence of TSC followed by the addition of BSPP using a reaction similar to Equation
3.1.2
8 Ag+ + BH4- + 8 OH- 8 Ag + H2BO3-+ 5H2O

(3.1)
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The formation of AgNPs by the reduction of silver salt by BH4- in the presence of
citrate and BSPP co-stabilizers produced a yellow coloured solution. The observed
colour was caused by a single SPRB with λ

max

at 391nm (Figure 3.1). The reason for

the occurrence of this single absorbance band is explained in detail in Chapter 1.
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Figure 3.1. UV-vis absorbance of initially synthesised AgNPs.
TEM image analysis revealed that the particles were polydispersed spheres. The
image analysis of 500 nanoparticles revealed that the average diameter size for the
particles was 25 ± 16 nm (Figure 3.2). The aggregation was due to drying of the
particles upon the TEM and not as a function of particle synthesis. The nanoparticles
were characterized using the software as referenced in the thesis. The image processing
software made it possible to view and determine the particle diameters with minimal
trouble.

Figure 3.2. TEM images of initially synthesised AgNPs. The average size of particles
was 25 ± 16 nm. The scale bar is equal to 200 nm.
Analysis of the particles in solution by dynamic light scattering, for comparison,
gave an average particle size of 22 ± 2 nm using a Zeta potential size analyser. Thus, the
dynamic light scattering analysis of spherical AgNPs gave approximately a 1%
difference versus the TEM image analysis.
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Ag colloidal solutions synthesised using this method with zeta potentials greater
than -30 mV are robust and have been known to remain in solution for long periods.3, 4
A stability study of a 100 ml initially synthesised solution, which was stored in the dark
for six months, revealed that the initial synthesis conditions of the photomorphic AgNPs
led to particles that were reasonably stable (Figure 3.3). The UV-vis spectra showed
that the absorbance maxima shifted to 411 nm, a shift of 19 nm, in solutions that were
left undisturbed in the dark, accompanied by a small decrease in absorption of λ

max.

Both SPRB peaks were observed to rise at the same location, while the right shoulder of
the peak broadens upon aging. The increased broadening of the peak and concurrent
red-shift infers that the average shape of the particles had increased. This red-shift in the
spectra was not surprising as all metallic nanoparticles undergo Ostwald’s ripening to
minimise surface energy.5 Significantly, the aged AgNP spectra retained the single
SPRB, indicating that there were no changes to dipole characteristics which would have
been observed in particles with anisotropic structures. Thus, over this six month study,
the evidence suggested that particles in the dark retained their spherical shapes.
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Figure 3.3. Resulting change in UV-vis spectra after 6 months of dark storage.
3. 3 Growth: Initially Synthesised Spherical Colloids to Prisms by Light
Transformation
3.3.1

Light Affects Growth of Spherical Colloids to Prisms
Maillard et al. have suggested that the particle face that interacts with the light

with the most plasmon absorption grows the fastest and that growth accelerates for
those shapes whose plasmons move into resonance with the photochemical
wavelength.6 Thus, the proper wavelength of light is necessary to produce prism shaped
particles. Not all light will cause particles to grow. For instance, UV light does not
contribute towards the growth of AgNPs in solution during irradiation,7 while light that
is above ~545 nm seems to produce prism shaped particles during photodevelopment.8
Preliminary experiments determined that using higher energy (300 and 415 nm)
Rayonet bulbs did not result in the formation of prism-shaped particles. Exposure of the
initial seed Ag solutions to 300-nm wavelength Rayonet light for four hours produced a
red-shift of the SPRB by 70 nm with the solution turning from yellow to orange colour
(Figure 3.4). The red-shift of the SPRB indicated a general increase in nanoparticle size
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and distribution. There was no band formation in the 500-700nm range that would be
indicative of anisotropic prismatic nanoparticle formation. Interestingly, the particles
developed a quadrupole band at ~340 nm region (generally associated with out-of-plane
dimensions). However, the shouldering that was observed in the spectra at ~340 nm
indicated that the particles were driven towards an anisotropic plate or disc-like
conformations of increasing size. These resultant structures, and SPRB band formations,
did not exhibit morphic transition capabilities, thus no further work was conducted on
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these particular AgNPs.
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Figure 3.4. Comparison of Ag UV-vis spectra between initially synthesized with 300nm Rayonet bulbs (left) to 4 hrs photodeveloped (right).

When the initial Ag seed solutions were photodeveloped by 419-nm light a 20nm red-shift was observed between the 5-hr photodeveloped spectra and the initially
synthesized absorbance profile with a concurrent increase in absorption of λ max (Figure
3.5). The photodeveloped sample looked to be the same colour as the initially
synthesized solution. Again, no band formation occurred in the 500-700nm range
associated with the formation of prismatic particles. Interestingly, these samples did not
have the same level of peak formation at 340 nm that the UV light exposed particles

developed (Figure 3.4). Again, it was logical to assume that the red-shift was most
probably due to the initially synthesized particles increasing in size due to Oswald’s
ripening. Additionally, this solution did not display the characteristics necessary for
serious photomorphic transition studies of photomorphic AgNPs and, therefore, were

Absorbance (AU)

not investigated further.
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Figure 3.5. Comparison of Ag UV-vis spectra between initially synthesized with 419nm Rayonet bulbs (left) to 5 hrs photodeveloped (right).

Photodevelopment of the initial Ag seed solution in 575-nm light produced a
dramatic change to the UV-vis spectra after 3-hrs with the formation of SPRB in the
500-700nm range (Figure 3.6). The solution turned to a green colour. The solution was
then further photodeveloped for an additional 3 hours. The SPRBs changed during this
continued photodevelopment time providing evidence that the average particle shape
was becoming sharper and better defined. At this stage, the solution had turned to a blue
colour. In this thesis, all further particles were synthesised using 575 nm bulbs for the
photodevelopment of prismatic AgNPs.
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Figure 3.6. Comparison of Ag UV-vis spectra between initially synthesized with
Rayonet 575-nm bulbs (left arrow) to 3 hrs photodeveloped (middle arrow) to 6 hrs
(right arrow).

3. 4 Photomorphic Dark Transformation
3.4.1

Photodeveloped to Dark Transformed Transitions
Once prismatic AgNPs have been photodeveloped for periods of up to 10 hours

(further discussed in Chapter 4), the light synthesised solutions were placed in the
dark for 16 hours and spectra were acquired at hourly intervals (Figure 3.7). The inplane dipole SPRBs were observed to blue-shift from ~611 to 576 nm during sixteen
hours of dark exposure. The blue-shift was accompanied by a concurrent decrease in the
absorption of λ

max.

The complete characterisation of the light to dark transformations

will be thoroughly discussed in Chapter 4.
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Figure 3.7. 0-16 hours in dark at hourly intervals. The max shifts from 612 (blue) to 578
(red) nm.
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3.4.2

Determination of Light to Dark-transformation Rate

A study was conducted to determine the transformation rate of prisms to discs. The
quickest blue-shift rate of the photomorphic transitions were observed during the first
30 minutes of dark exposure. The rate of blue-shifting gradually diminished as a
function of time. In order to determine the rate of transformation, during the first few
hours, a solution that was monitored overnight (Figure 3.8). Overlapping spectra show
a key and distinctive trend of the photomorphic effect. The SPRBs have clear
boundaries that are isolated by observed isosbestic points. This is a clear indication that
the shapes of the particles are transforming from one average shape to another. These
preliminary results suggested that the particles transform in a well defined manner
defined by the reproducible isosbestic point separations.
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Figure 3.8. The absorption profile of photodeveloped solutions stored in the dark for 16
hours. The direction of transformation and isosbestic points are indicated by the arrows.

By a simple addition of the percentages, we can establish that 40 percent of the
transformation occurred in the first hour, while 80 percent of the photomorphic
transition occurs within the first 5 hours of dark exposure.
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3. 5 Photoregenerative Light Transformation: Transforming Disc to Prism
Shapes
When the dark-transformed particles were placed back into the 575 nm light for
approximately 20 minutes, the in-plane dipole red-shifted (Figure 3.9) from 566 to 605
nm during the light excitation. The red-shifting of the SPRB was associated with the
increased absorption of λ

max.

Again, this section only serves as an introduction to the

ability of these solutions to reversibly photoregenerate with exposure to light once
transformed to the dark state. The more complete discussion on how these solutions
transform and the underlying shape transformations associated with these red-shifts are
covered in more detail in Chapter 4.
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Figure 3.9. The shifts in UV-vis spectra associated with the dark- to lighttransformation of photomorphic AgNPs after 20 minutes of light excitation.
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3. 6 Summary
In conclusion, this chapter gives a detailed description of the initial synthesis conditions
for the formation of seed nanoparticles. Additionally, there is also investigation into the
optimum wavelength for the growth of prismatic particles. Furthermore, detail was
provided on the interactions of light excitation with relationship to solution volume and
the unexpected water vapour interactions with the samples/reaction vessel.
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CHAPTER 4: INTRODUCTION

4. 1 Introduction to Photomorphic Silver Nanoparticles

In the last decade, interest in AgNPs has increased after reports of a simple
aqueous photoinduction method that produces a range of morphologies capable of selfassembly. 1-4 It was demonstrated that the shape and size of these particles ranged from
20 nm spheres to 100 nm prisms. By changing a range of core quantum mechanical
variables, such as the size and shape of these particles,

5

changes in the observed

nanoparticle characteristics such as colour 6-10 and their associated electronic properties
11, 12

were possible. Importantly, the relationship between the observed solution colours,

which arise from the presence of surface plasmon resonance bands (SPRBs), were
found to be predictable with discrete dipole approximation (DDA). 13-15

SPRBs depend strongly upon the size and shape of nanoparticles

16, 17

. In

particular, nanoprisms contain three sharp ‘tips’ that contribute significantly to their
SPRBs.

18

A transformation from prism- to disc-shaped morphology results in a blue-

shift of the major SPRBs due to truncation and rounding of the triangular plates as a
result of the tips of the triangles being etched away over time (Chapter 3).

11, 19

Conversely, a transformation from disc- to prism-shaped particles causes a red-shift to
occur, as growth and sharpening of the tip corners on the particles takes place due to
selective Ag deposition driven by the photoreduction of Ag+.
Here, the switchable photomorphic properties of AgNPs is reported. Nanoprisms
were found to reversibly transform into disc-shaped morphologies when placed in the

dark with subsequent exposure to light resulting in the return of prism-shaped
morphologies. These transitions between prisms and discs were found to be switchable
over multiple cycles. The mechanism described herein provides an exciting new range
of controllable shapes produced as particles are transformed between prism- and discshaped morphologies (Equation 4.1). There have been many reported applications of
AgNPs. Notably, silver complexes are effective antibiotics in burn victims

20

and

colloidal silver nanoparticles are known to have antimicrobial properties.

21

The

properties of these Ag nanoparticles may find application as tuneable antibiotics due to
the observed inherent effect of silver on bacteria - as discussed in Chapter 8. 22

Step 1
dark
(4.1)

light-transformed

light
Step 2

dark-transformed
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4. 2 Experimental

4.2.1 Synthesis and Photodevelopment of Silver Nanoparticles.
Initial solutions of colloidal Ag nanoparticles were prepared by a multiple step
process. All reagents were sourced from Sigma-Aldrich and used as supplied. Aqueous
solutions of AgNO3 (0.5 ml x 0.01M) and trisodium citrate (TSC, 1.0 ml x 0.02M) were
added to Milli-Q grade water (96.5 ml) in a 200 ml Erlenmeyer flask. NaBH4 (1.0 x
0.02M) was added to the AgNO3/TSC solution producing a yellow solution. To this, 4,
4-(Phenylphosphinidene) bis (benzenesulfonic acid) dipotassium salt hydrate (BSPP,
1.0 ml x 0.005M) was then added.

The reactant flask was sealed with parafilm to prevent evaporation and irradiated in
a Rayonet Photochemical Chamber Reactor using sixteen 575 nm Rayonet fluorescent
light bulbs. Photodevelopment times from 1 to 10 hours produced the prism-shaped
morphologies. These particles were characterized by UV-vis spectroscopy and TEM
imaging. The UV-vis spectra of all samples were recorded in 1 cm polycarbonate
cuvettes using a UV-1601 Shimadzu spectrometer. Micrographs were obtained with a
TEM (Joel JEM 2011 TEM- 200 kV). Samples were prepared for imaging by casting a
single drop of the desired solution onto Lacey formvar/carbon, 300 mesh Cu grids (PST,
Australia) and allowed to dry under a N2 stream for several minutes until dry. Samples
were analysed immediately upon drying to prevent degradation.

4.2.2

Transforming from prism- to disc-shaped morphologies (Step 1).

The as-synthesized prism-shaped particles were transformed into the disc-shaped
particles by placing them in the dark for 24 hours. This exposure time was used to
ensure sufficient time for the particles to transform.
4.2.3

Transforming from disc- to prism-shaped morphologies (Step 2).

Irradiating dark-transformed solutions with 575 nm light in a Rayonet reactor for
twenty minutes resulted in their conversion back to prism-shaped morphologies.
4.2.4

Shape analysis of particles using TEM images.

TEM images were analysed using the software package Image Pro Plus ® (Version
6, MediaCybernetics) to categorize the observed shapes. Populations sampled were
1,988 dark-form and 1,318 light-form particles. Due to the high sample polydispersity,
the particles were categorized into five broad characteristic shapes: truncated prisms,
discs, polygon discs, polygon prisms, and nucleating seeds. The truncated prisms
visually appear to be prisms that have had any number of the tip corners truncated. The
truncated tips retained a rounded curvature. Polygon prisms were distinguished by
having tip corners truncated similar to the truncated prisms, but with no curvature to the
tips. Discs were circular in appearance and had a curvature for a majority of their
circumference. Polygon discs were particles that had sides of approximately equal
lengths. Nucleating seeds were very small particles typically smaller than 4 nm in
diameter.
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4. 3 Results and Discussion
Jin et al 2 first reported on the synthesis of prismatic AgNPs, and the stability of
these particles under various conditions. The AgNPs prepared via the reported Jin

2

method remained blue under dark state conditions. By systematically studying the
reaction concentrations involved in the production of prismatic AgNPs, the BSPP, Ag+,
BH4-, and TSC concentrations were found to have a profound effect on the
morphological shape and distribution of the particles when photoirradiated.23 In this
study, the prismatic NPs were not morphologically stable in the dark. By modifying the
seed concentrations used to synthesise the AgNPs, the resultant photodeveloped
prismatic AgNP solution was observed to change from blue to a pink colour when
placed in the dark for 24 hours (Figure 4.1). When the photomorphic solution was
placed back into the light it rapidly returned to the original blue colour. TEM analysis
revealed that the colour change was due to a shape transformation of the particles
(prism to disc) (Figure 4.1a, b) resulting in a shift in the SPRBs as observed by UV-vis
spectrophotometry. The effect was easily reversed by placing the dark-transformed
solution in the light, resulting in a disc to prism shape-change and a red-shifted SPRB.
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Figure 4.1. UV-vis spectra showing the photomorphic shift when the light-form (a) of
the AgNPs is reversibly converted to the dark-form (b). The inset TEM images illustrate
the corresponding morphological transformations (the scale bars are 100 nm (white))
and the solution colours associated with the two particle morphologies.

100

4. 4 Photomorphic Characteristics (TEM particle composition and size analysis)

TEM images were analysed to quantify the different particle shapes. Over three
thousand light- and dark-transformed particles were investigated by image analysis
(1318 light- and 1988 dark-transformed particles) with shapes categorised as shown in
Table 4.1. Results indicated that the majority of dark-transformed particles (61%) had
disc morphologies with truncated prisms forming only 10% of the particle population.
The remaining particles were of intermediate morphologies between disc and truncated
prisms. The average disc diameter was 50 nm ± 13 nm. In contrast, 50% of lighttransformed particles were observed to be truncated prisms, while 44% were discshaped morphologies. The average particle side length of the prisms was 62 nm ± 13
nm. The z-plane height of the nanoparticles remained constant throughout the
photomorphic transformation process, with an average length of 10 nm  1.0 nm for
both light- and dark-transformed morphologies. The particle shapes within both the
dark- and light-transformed solutions are thus polydisperse, indicating that the transition
between the predominant light- and dark-transformed morphologies was not efficient at
transforming all particles completely to discs or prisms. Interestingly, the population of
nucleation seeds changed dramatically from 4 to 20% for light- and dark-transformed
morphologies, respectively.

Table 4.1. Percent composition of particle shapes of light and dark-form particles.
Inserted TEM representative images for each morphology class (scale bar is equal to
100 nm).
Shapes

Dark-Form
(%)

Light-Form
(%)

Truncated Prisms

10

50

Discs

61

44

Polygon Discs

3

1

Polygon Prisms

6

1

20

4

Nucleation Seeds

scalebar
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4. 5 Photomorphic Reversibility

As the size of any metal nanoparticle increases, the observed plasmon band will
become non-uniformly distributed, resulting in the formation of higher modes of
plasmon excitation, referred to in literature as a quadrupole. The occurrence of these
plasmon bands is evidenced by the formation of multiple UV-vis absorption bands in
the UV-vis spectrum.

24, 25

The resultant UV-vis spectrum will be dependent upon

structural features such as the in-plane diameter and out-of-plane height. Studies by
others have observed four distinctive surface plasmon bands associated with prismatic
nanostructures of 100 nm in-plane and 16 nm out-of-plane axes. 2, 26 Geometric features
were correlated with the in-plane dipole (770 nm) and in-plane quadrupole plasmon
resonances (470 nm), as well as the out-of-plane dipole (410 nm, usually very weak
band) and out-of-plane quadrupole plasmon resonances (340 nm). Additionally, an inplane plasmon band shift, due to variations in tip corner sharpness, was predicted and
has been recently reported to result in a red shift of the surface plasmon bands.

27

The

typical UV-vis spectral features obtained for the photomorphic particles in this study are
shown in Figure 4.2. Differences in band positions reported in the literature were
attributed to the difference in size with photomorphic prisms having approximately a 62
nm in-plane axis. The observed spectra of the SPRBs results from the average particle
shape
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Figure 4.2. UV-vis spectra obtained for solutions placed in the dark blue-shifted over 24
hours. The spectra displayed are from times 0, 1, 5, 10, 15, 20, and 24 hrs of dark
exposure. The red arrows indicate the direction of SPRB shifts versus time. The letters
represent the a) out-of-plane quadrupole, b) in-plane quadrupole, c) out-of-plane dipole
and d) in-plane dipole SPRBs.
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Freshly prepared photomorphic AgNPs were cycled from light- to darktransformed morphologies eleven times. Experiments to transform the morphologies of
the particles involved two steps. In step 1, the solution was placed in the dark for
twenty-four hours. During this time UV-vis spectra were obtained at thirty minute
intervals as particles in the solution transformed to disc-shaped morphologies in the
dark. During the twenty-four hours of dark exposure the SPRBs noticeably blue-shifted
(Figure 4.2). In step 2, the solution was placed into 575 nm light for 20 minutes. During
this time particles in the solution transformed into prism-shaped morphologies. No
spectra were obtained during step 2 given the shorter irradiation times.

For clarity, it was necessary to distinguish between the different states of the
solutions and particles within. The bands observed in the UV-vis spectra were constant
after 20 minutes of light exposure. The cessation of the red-shifting indicated that
particles within the solution had obtained a stable configuration. Thus, herein, the
solutions that have been exposed to light for 20 minutes are referred to as “lighttransformed”. Further red-shifting was observed for these particles at extended
irradiation times but at a much slower transformation rate (Chapter 6). UV-vis spectra
of particles exposed to the dark stop blue-shifting at variable time lengths. Typically,
UV-vis spectra of particles which remained in the dark for twenty-four hours were
reproducible. The solutions that have remained in the dark for 24 hours are referred to
as “dark-transformed”. Although more blue-shifting would occur if these particles
remained in the dark for 72 hours, the magnitude of change is not appreciable when
compared to 24 hour periods in the dark (Chapter 5).Therefore, experiments upon these

particles were conducted using 24 hr dark exposure to produce dark-transformed AgNPs
and then transforming them back to light-transformed particles by using 20 minutes of
light exposure as the optimum light or dark transformation parameters.

Solutions were exposed to light and dark (step 1 and 2) eleven times to
determine cycling effects (Figure 4.3). The spectra for light- and dark-transformed
solutions demonstrated that the photomorphic effect remained after eleven cycles as the
light-transformed spectra were red-shifted in comparison to the dark-transformed
spectra. Noticeably, the SPRB shift was smaller in cycle 11 compared to cycle 1
suggesting shape and stability changes in the cycled particles. This change in stability
could be inferred by overlapping the light- and dark-transformed spectra with each
cycle showing an increased absorption of λ max per cycle. The first six light-form cycles
red-shifted noticeably ranging between ~570 to ~600 nm while subsequent cycles
remained virtually constant at ~610 nm. This suggests that particles in solution have
reached a maximum size and shape for this synthesis method. Another interesting
observation was the evolution of the out-of-plane dipole peak during cycling. This is
extremely pronounced after four light cycles. Typically, this SPRB is difficult to
distinguish when observing spectra of initially synthesised solutions.
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Figure 4.3. The combined UV-vis spectra overlaid of a solution cycled 11 times. The
letters indicate the cycle number (a-k are 1-11) and the colour indicates the
transformation state. The black colour indicates the light-transformed state and the grey
colour indicates the dark-transformed state of the AgNP solution.

The dark-transformed spectra shown in (Figure 4.4) had similarities and
differences to that of (Figure 4.5). The dark-transformed spectra absorption of λ

max

increased per cycle similarly to the light-transformed spectra, that is, a continuous redshift with increased cycling. This indicates that the particles did not convert fully back
to the previously cycled sizes and shapes. The out-of-plane dipole evolved in the darktransformed spectra similar to the light-transformed spectra; however, the SPRB was
not as pronounced.
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Figure 4.4. For clarity, the UV-vis spectra from figure 4.3 are overlaid and combined to
better show the effect that cycling had on the dark-transformed state of the solution.
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Figure 4.5. The UV-vis spectra from figure 4.3 are overlayed and combined to better
show the effect that cycling had on the light-transformed state of the solution.

4. 6 Surface Plasmon Resonance Band Position versus Cycling

To simplify the characterisation of the cycle data discussed above, it was useful to
plot the SPRB λ

max

versus time for each thirty minute data point. A plot of the

absorbance maxima of the entire 11 light to dark transformation cycle shifts of λ max is
shown in Figure 4.6. The plot of SPRB position at λ max gave further insight into the
conversion and stability of light- into dark-transforming particles. Inferring from the
UV-Vis spectra, the size of the light-transformed particles seemed to become larger
after each subsequent light-dark cycle transition because the positions are red-shifted.
This was evidenced by the light-transformed SPRB λ max of ~610 nm being reached after
7 cycles and by the decreased rate of change to the dark-transforming particles, also
after 7 cycles. The ability of these AgNPs to blue shift was greatest in the earlier cycles
with the majority of blue shift to the dark-transforming spectra being observed in the
earlier cycles of light-dark exposure. The Δλ of blue-shift per cycles is referred to as the
photomorphic transition. The photomorphic transition per cycle were calculated and
plotted (Figure 4.7) by using the difference between the maximum and minimum SPRB
positions per cycle observed in Figure 4.6. A linear response with a negative trend was
observed, suggesting that the mechanism responsible for the photomorphic effect was
diminishing versus time and probably due to a decrease of concentration of the
oxidising species in solution.
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Figure 4.6. SPRB maxima position vs. time (max = 550 to 612 nm) plot for eleven
light- to dark-transformed AgNP conversions (24 hour dark exposures). Spectra were
taken every thirty minutes. Light exposure time was not recorded. (b) A plot of
photomorphic shift vs. cycle number resulted in a linear regression with a negative
trend.
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Figure 4.7. A plot of photomorphic shift vs. cycle number resulted in a linear response.
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4. 7 Proposed Mechanism for the Photomorphic Effect.

The chemical mechanism for photodeveloping prismatic particles has been
thoroughly discussed in the literature. 28, 29 It was eloquently demonstrated that oxygen,
citrate and BSPP were critical for the photochemical synthesis of prismatic particles.
Additionally, it has been shown28 that BSPP increased the solubility of Ag+ from AgNP
by oxidative dissolution. The results presented here were consistent with these findings.
In earlier studies, it was shown that the variation in initial chemical concentrations for
synthesising AgNPs disrupts this stability, resulting in the observation of a
photomorphic effect.23
This change in chemical synthesis concentration results in a broadly polydisperse
mixture of prismatic- and disc-shaped morphologies, shown in Table 4.1.
Thus, the observed photomorphic effect was the result of a complex chemical
equilibrium process influenced by subtle changes in the initial synthesis conditions.
When the photomorphic particles were exposed to the dark, a shift in chemical
equilibrium, resulting in tip corner erosion, presumably allows BSPP to complex the
Ag+ and further assists in oxidising the tip corner regions of the particles.30 Thus, a
competitive reaction occurs between photochemical reduction of Ag+ onto the surface
of AgNPs and the slower oxidation of AgNPs by BSPP, which ultimately dictates the
final shape of the dark form particle (Equation 4.2).
n BSPP
hν

+ a BSPP-Ag+

n - a BSPP
hν

+ n BSPP-Ag+ (4.2)

The slow degradation of BSPP to TPPO as reported in literature28 is suggested as
the cause of the decrease in photomorphic transition, as witnessed in the cycling study.
It has been reported
the

limiting

28

reagent

that TPPO does not complex with Ag+, suggesting that BSPP is
necessary for

this transformation to dark-transformed

morphologies. To test this hypothesis a freshly prepared as-synthesised concentration of
BSPP was added to a dark-form solution that had been cycled eleven times. The
solution which had been in the dark for several days was observed to be in equilibrium
for 30 minutes, with an absorption maxima at 596 nm which then began to blue-shift
immediately after the addition of BSPP to 586 nm after 60 minutes (Figure 4.8 and
Figure 4.9).
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Figure 4.8. UV-vis spectra vs. time plot when BSPP was added to a dark form solution
after 11 cycles. The UV-vis spectra are at 5 minute intervals.
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Figure 4.9. Maxima absorption vs. time plot when BSPP was added to a dark
transformed solution after 11 cycles. BSPP was added after 30 minutes of monitoring.
The point plots are at 5 minute intervals.
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4. 8 Summary

An intriguing photomorphic effect of AgNP that differs from previously reported
literature as being stable during storage has been observed. These photomorphic
particles transform to discs when placed in the dark and turn back to prisms when
placed in the light, where as previously reported materials have been shown to be stable
in the prismatic morphology. The difference in dark-form instability was attributed to
the initial seeding conditions that play a critical role in the transition between light- and
dark-state morphologies. These particles were able to be reversibly switched numerous
times when solutions containing these particles are exposed to cycles of light and dark.
Additionally, cycling between light- and dark-form states diminishes the magnitude of
spectral band shifts. The BSPP may act as a limiting reagent by gradually oxidizing to
TPPO, which diminishes the reversibility of the photomorphic effect. Red-shifting of
passivated AgNPs, which resulted from the solution of AgNPs being cycled 11 times,
was restored by the addition of BSPP. Thus, the BSPP could have a role in the
photomorphic effect of AgNPs, perhaps acting as an oxidising species and is further
investigated and discussed in Chapter 5.
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CHAPTER 5: INTRODUCTION

5. 1 Introduction to the Importance of BSPP

Actively controlling the size and shape of silver nanoparticles (AgNPs) has been
the focus of much research in the past decade. 1-3
Understanding the complex competitive equilibrium environment is paramount
for controlling the behaviour of AgNPs. For instance, citrate ions have undoubtedly
been shown to facilitate a shape transformation from spheres to prisms during the
growth stage for development of stable NPs.4 Likewise, well-defined AgNP prismatic
shapes have been prepared by thermal synthesis in the presence of ascorbic acid, citrate,
and polyvinylpyrrolidone co-stabilisers resulting in the formation of stable nanoparticle
morphologies that undergo a morphological etching effect when cooled to room
temperature.5 The role of the BSPP co-stabiliser in shape development has also been
investigated by others during photochemical synthesis of prismatic AgNPs.6
Importantly, BSPP has also been attributed to the addition of Ag+ to the photoinitiated
AgNPs growth and plays a significant role in the formation of prismatic structures.7, 8
One directional shape transformation from spheres to prisms has also been reported in
the photodevelopment of AgNPs in the presence of citrate alone, although at a
considerably slower rate.8 In this Chapter, new findings on the role of BSPP and
proposed mechanisms that describe the photodevelopment and photomorphological
switching capabilities of the AgNP are reported. In doing so, the consequences of
autoxidation9 of the BSPP upon the cycling of these photomorphic transitions are
revealed.

5. 2 Experimental
5.2.1

Synthesis of Particles: Reagent Protocols

All reagents were sourced from Sigma-Aldrich and used as supplied. All solutions
were made with Milli-Q grade water. The solutions were made from stock solutions by
serial dilution to a final volume of 100 mL.
5.2.2

Method 1 (Photomorphic Synthesis):

Photomorphic silver nanoparticles were synthesised by photodeveloping the
reaction mixture AgNO3 (50 μM), trisodium citrate (200 μM), sodium borohydride (200
μM) and 4-4’-(phenylphosphinidene) bis-(benzenesulfonic acid) dipotassium salt
hydrate (BSPP) (50 μM) for up to 11 hours with (14)-575 nm light bulbs within a
Rayonet photochemical reaction chamber. It was determined that 4 hours of
photodevelopment was the optimum time for photodevelopment of photomorphic
solutions (Section 3.3).
5.2.3

Method 2 (Non-Photomorphic synthesis):

The same reagent concentrations from Method 1 were used in Method 2, however
the order of addition was changed to AgNO3 (50 μM), trisodium citrate (200 μM),
BSPP (50 μM) and sodium borohydride (200 μM). These solutions were
photodeveloped in a Rayonet photochemical reaction chamber for 4 hours of
photodevelopment time.
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5.2.4

Transforming between light- and dark-transformed photomorphic solutions

Placing Method 1 prepared and then photodeveloped solutions in the dark for a
number of hours results in photomorphic transformation from as-synthesised to darktransformed solutions. Dark-transformed solutions were photoconverted to lighttransformed solutions for one minute or twenty minutes of light exposure.
5.2.5

Characterisation of solutions by UV-vis

The UV-vis spectra of all samples were recorded in 1 cm, 1.5 ml polycarbonate
cuvettes using a UV-1601 Shimadzu spectrometer.
5.2.6

Characterisation of solutions by NMR

Initial characterisation used 10% H3PO4 as a standard reference point for 31P NMR
peak placement determination. Subsequent experiments were run without a standard.
The analyses of all samples were carried out in 203 mm length, round bottom, high
precision NMR sample tubes (Norell, Inc.) using a Bruker Avance III 400 MHz
spectrometer. All solutions were run in 10% by volume D2O. Typically, the scan
numbers were limited to 256 scans in order to ascertain the short term initial chemistry
of the dynamic system.

5. 3 As-Synthesis Conditions: The Important Role of BSPP during Nanoparticle
Synthesis
Previous studies have shown that the initial synthesis conditions during the
reduction of Ag seed particles played a critical role in the development of the prismatic
AgNP photomorphic effect.10 In Method 1, the photomorphic effect was observed in
samples that were prepared by reduction of silver salt by NaBH4 in the presence of
trisodium citrate and then by the addition of BSPP (Equation 5.1 and 5.2).
Alternatively, in Method 2, the photomorphic effect was absent from samples prepared
by homogenising silver salt in the presence of trisodium citrate (TSC) and BSPP, with
subsequent addition of NaBH4 (Equation 5.2).
Synthesis Method 1:

) NaBH 4 , 2 ) BSPP

 AgNPs
Ag   Na 3 Citrate 1

(Photomorphic)
Synthesis Method 2:

) BSPP , 2 ) NaBH 4
Ag   Na 3 Citrate 1

 AgNPs

(5.1)

(5.2)

(Non-Photomorphic)
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As observed in Figure 5.1 and Figure 5.2, the UV-vis spectra of AgNPs
prepared by Method 1 display an obvious spectral blue-shift in the absence of light.
However, samples prepared by Method 2 did not. A plot of  max of the in-plane SPRB

Absorbance (AU)

for Method 1 and 2 shows this spectral shift more clearly (Figure 5.3).
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Figure 5.1. The overlapping UV-vis spectra for samples prepared by Method 1 when
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placed in the dark for 30 minutes. The spectra were recorded at 6 minute intervals.
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Figure 5.2. The overlapping UV-vis spectra for samples prepared by Method 2 when
placed in the dark for 30 minutes. The spectra were overlapped at 6 minute intervals.
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Non-Photomorphic

Photomorphic

Figure 5.3. SPRB maxima position versus time plot observed for Method 1
(photomorphic, solid black) and Method 2 (non-photomorphic, not solid black)
synthesis.

As discussed in Chapter 4, the photomorphic effect was suggested to be caused
by BSPP complexation to the silver nanoparticles with subsequent removal of Ag+ by
oxidation in the presence of oxygen.11
Therefore, it is hypothesised that samples prepared by Method 1 have an excess
concentration of non-adsorbed BSPP as free complexes in solution that is free to
interact with AgNPs (Equation 5.3). The absence of a photomorphic response in
solutions prepared by Method 2 was a result of greater BSPP interaction with Ag+ prereduction. This resulted in better surfactant coverage of the AgNP, post-reduction, by
the BSPP (Equation 5.4).
In Method 1, only a fraction of the total BSPP molecules were able to interact
with the basal surface plane of the nanoparticle. This interaction would be further
limited by a competitive equilibrium environment facilitated by the double ionic layer
caused by the citrate molecules bonded upon the surface of the nanoparticle. It is
postulated that the difference between the two approaches was directly related to BSPP
coverage of the initially synthesised AgNPs as illustrated in Figure 5.4. Unfortunately,
the mechanism for these dynamic, initial, short term as-synthesised conditions could not
be investigated by

31

P NMR analysis due to poor signal resolution at the low reagent

concentration and the time restrictions in which the photomorphic shift occurred. As a
consequence, a sufficient number of repeat scans required for adequate S/N could not be
achieved.
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Method 1:
) NaBH 4 , 2 ) BSPP
Ag   Na 3Citrate 1

 AgNP  BSPPadsorbed  [ BSPP ]non  adsorbed
(Incomplete BSPP Surfactant Coverage)

(5.3)

Method 2:
) BSPP , 2 ) NaBH 4
Ag   Na 3Citrate 1

 AgNP  BSPPadsorbed
(Complete BSPP Surfactant Coverage)

a)

++

+- + OOC

COO

+ +-
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+

++

+- + OOC

COO- +
++

+
+-
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+-

COO- ++- +-+ O3S

-+ -OOC
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++- OOC
+
+
+-

+ [BSPP]non-adsorbed

(5.4)
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Figure 5.4. (a) The initially synthesised Method 1 seeds were predominately stabilised
by a citrate and double ion layer causing a competitive equilibrium for the added BSPP
resulting in interaction only with the basal surface plane of the nanoparticle. (b) The
initially synthesised Method 2 seeds had a higher BSPP surface coverage of the Ag
seeds than in Method 1, as a consequence of the AgNPs being reduced with BSPP.

5. 4 Investigation of the fate of BSPP: Light Driven Oxidation of BSPP and
Relative Stability of BSPP-Ag+ Complex
BSPP has been reported to gradually oxidize to triphenylphosphine oxide (TPPO)
in the presence of oxygen (Equation 5.5).9 Literature also reports that TPPO does not
interact with AgNPs and has been reported to diminish the photomorphic effect.8
O

O

O
-

S 3
SO

-

O

O

O2

:

P

/
-

(BSPP)O

-

S 3-O
SO

O
O

P

-

S 3-O
SO

(5.5)

O

O

S 3
SO

(TPPO)

O

Therefore it was imperative to characterise the behaviour of the BSPP in
solution. As discussed above, NMR characterisation of BSPP fate was not possible at
the concentrations required for the synthesis of photomorphic AgNPs. A stock solution
of BSPP at a concentration 100 times higher was therefore used to carry out these
studies. This change in concentration could affect various equilibriums; however the
basic trends and assumptions should still be valid. It was observed by UV-vis
spectroscopy that BSPP autoxidised in solution when left on the bench top over a period
of one month (Figure 5.5). The

31

P NMR of the freshly prepared and one month old

solutions exhibited clearly different spectral values which, were consistent with
literature reports.8 The freshly prepared clear coloured BSPP solution has a δP -6.92,
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which after one month of bench storage, oxidised to a brown coloured TPPO solution
with δP 35.35 (Figure 5.5, inset).
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Figure 5.5. UV-vis spectra of BSPP at (a) t = 0, (b) t = 24hours, (c) t = 1 month. (inset)
The 31P NMR spectra for BSPP at (d) t =0 and (e) t = 1 month.

When a solution containing only BSPP was illuminated within the Rayonet
photochemical reaction chamber at 575 nm, the resulting spectra showed that this
exposure resulted in the oxidation of the BSPP to TPPO (Figure 5.6).
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Figure 5.6. UV-vis spectra obtained for stock solutions of BSPP placed in the
photoreaction chamber over a 21 hour period. The spectra displayed for BSPP stock
solution at times 0, 1, 2, 3, 4, 5 and 21 hours of light exposure. The overlapping spectra
are at 0, 1, 2, 3, 4, 5 and 21 hours (left to right) for light-exposed BSPP stock solution.
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Unsurprisingly, the rate of oxidation occurred faster during Rayonet light
exposure compared to a BSPP stock solution that was left on the bench top under
ambient lighting conditions (Figure 5.7).
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Figure 5.7. UV-vis spectra obtained for stock solutions of BSPP when stored in a dark
place over 21 hours. The spectra displayed were from times 0, 1, 2, 3, 4, 5 and 21 hours.
The overlapping spectra are at 0, 1, 2, 3, 4, 5 and 21 hours (left to right) for the darkexposed BSPP stock solution.
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P NMR analysis was also carried out for the illuminated samples shown

(Figure 5.8).
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Figure 5.8. Combined 31P NMR spectra overlay of light exposed BSPP stock solution.
The spectra proceed in ascending order. These spectra were recorded at 0, 1, 2, 3, 4, 5
and 21 hours of light exposure. The ratio between TPPO and BSPP are also displayed.
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The spectra show that, as a function of time, the concentration of the TPPO
degradation product increases during irradiation as a consequence of the BSPP being
oxidised. Data analysis between the ratios of BSPP and TPPO oxidative conversion
revealed that the reaction is first-order in nature. The addition of Ag+ to a stock solution
of BSPP (1:1 molar ratio) resulted in a blue-shift of the UV-vis spectral band (Figure
5.9). The BSPP concentration was designed to be kept constant after the addition of Ag+
solution to ensure comparable results. The

31

P NMR analysis revealed that a new

species was formed in solution to accompany this observed UV-vis blue-shift (δP 13.36)
and is attributed to a BSPP-Ag+ complex (Figure 5.9, inset). The Ag+ stabilised the
BSPP by complexation and severely slowed the rate of oxidation to TPPO.
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Figure 5.9. The overlapping UV-vis spectra of BSPP stock solution before (grey, single
spectrum) and after (black, overlapping spectra) over 21 hours of dark exposure. The
spectra overlap and are presented at times 0, 1, 2, 3, 4, 5 and 21 hours. (Inset) The 31P
NMR spectra for BSPP-Ag+ complex. The overlapping spectra are at 0, 1, 2, 3, 4, 5 and
21 hours for the dark-exposed BSPP stock solution.
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5. 5 Optimising the Photomorphic Transition

As discussed in Chapters 3 and 4, the formation of prism shaped nanoparticles
was facilitated by the photoconversion of spherical seed particles to prisms. The prism
shaped particles could then be placed in the dark and the prisms transformed to discs.
As discussed above, the oxidation of BSPP occurred during photodevelopment. Thus, a
determination of what effect photodevelopment time had on the ability of the particles
to transform determined by a UV-vis spectroscopy investigation by:


Photodeveloping a solution of AgNPs and placing an aliquot of solution in
the dark at discrete time intervals (measuring the solution by UV-vis
spectroscopy immediately after removal from the light and after 24 hrs in
the dark).



Calculating the difference in λ

max

of the in-plane dipole SPRBs for the

photodeveloped and corresponding dark-transformed positions at each
time interval.


Comparing Δλ max as a function of time.

A solution was photodeveloped for eleven hours in the Rayonet photochemical
reaction chamber with 575 nm light and aliquots of solution were removed and
measured at 1 hour time intervals (Figure 5.10). UV-vis spectroscopy reveals that the
initial SPRB at 400 nm decreases as a function of time as the small colloidal particles
donate their mass to form larger prism shaped particles, which was indicated by the
formation of the in-plane dipole and quadrupole SPRBs at ~610 and ~447 nm (see
Chapter 1). At eleven hours of photodevelopment, the in-plane dipole dramatically

blue-shifted and decreased in absorption of λ

max.

At this time, the solution turned to a

Absorbance (AU)

pink colour and the experiment was stopped.
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Figure 5.10. The overlapping UV-vis spectra during photodevelopment for samples
prepared by Method 1 over 11 hours of light exposure. The spectra are overlapped at 1
hour intervals.
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The samples were placed in the dark for 24 hours and then UV-vis spectroscopy

Absorbance (AU)

was measured (Figure 5.11).
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Figure 5.11. The overlapping UV-vis spectra of dark-transformed AgNPs at discrete
photodevelopment times of 1 hour intervals after 24 hours in the dark.

For clarity, the overlapping UV-vis spectra of photodeveloped and 24-hour darktransformed solutions were plotted at each time interval to demonstrate the Δλ

max

for

each time interval (Figure 5.12 to Figure 5.23).
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Figure 5.12. The Overlapping UV-vis spectra of a colloidal solution taken immediately
after the addition of NaBH4- (grey) and 24 hours dark exposure (black).
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Figure 5.13. The Overlapping UV-vis spectra of a colloidal solution after 1 hour of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.14. The Overlapping UV-vis spectra of a colloidal solution after 2 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.15. The Overlapping UV-vis spectra of a colloidal solution after 3 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.16. The Overlapping UV-vis spectra of a colloidal solution after 4 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.17. The Overlapping UV-vis spectra of a colloidal solution after 5 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.18. The Overlapping UV-vis spectra of a colloidal solution after 6 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.19. The Overlapping UV-vis spectra of a colloidal solution after 7 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.20. The Overlapping UV-vis spectra of a colloidal solution after 8 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.21. The Overlapping UV-vis spectra of a colloidal solution after 9 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.22. The Overlapping UV-vis spectra of a colloidal solution after 10 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).
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Figure 5.23. The Overlapping UV-vis spectra of a colloidal solution after 11 hours of
photodevelopment (grey) and the same aliquot after 24 hours of dark exposure (black).

The optimum values for photomorphicity (the ability of the solutions to undergo
a photomorphic transition) of a solution can be better estimated by a comparison of the
photomorphic transition versus photodevelopment time (Figure 5.24). Noticeably, the
non-photodeveloped sample did not have an in-plane dipole SPRB, so that point was
excluded from the plot. The 1 hour photodeveloped sample did not have very good
resolution of the in-plane dipole SPRB, so a level of caution was used in interpreting
that

value.

However,

examination

of

the

photomorphic

transitions

versus

photodevelopment time after 3 to 6 hours showed relatively consistent in-plane dipole
photomorphic blue shifts of ~48nm. At extended photodevelopment times from 6 to 10
hour values, the in-plane dipole photomorphic transition diminished. After 11 hours
photodevelopment time, the solution lost its photomorphicity.
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Figure 5.24. Light- (triangles) and dark- (circles) photomorphic transitions for samples
prepared at one hour photodevelopment sampling intervals. The horizontal arrows
indicate the change in absorption maxima for photodeveloped (top) and darktransformed (bottom) values. The vertical lines indicate the magnitude of photomorphic
transition between the photodeveloped and dark-transformed absorption positions.

5. 6 The Rates of Δλ max as a Function of Photodevelopment Times and the
Demise of the Photomorphic Effect
The determination for the light- to dark-photomorphic transition rates at each
photodevelopment time were carried out by placing the 24 hour dark-transformed
solutions in 575 nm light for 20 minutes and then monitoring the rate of change at 30
minute time intervals during the dark exposure by UV-vis spectroscopy. The
comparison of the in-plane dipole bands and the rates of the light- to dark-photomorphic

transition are shown in Figure 5.25. The average rate (1 to 10 hours) of photomorphic
transition measured for 30 minutes of dark exposure was 0.43 ± 0.18 nm/min. Three
points were outside of one standard deviation at times 1, 4 and 11 hours of
photodevelopment with photomorphic transition rates of 0.22, 0.66 and 0.02 nm/min,
respectively. The rates at other synthesis times were well within this range. The
photomorphic transition at 1 hour was not considered reliable due to poor resolution of
the in-plane dipole SPRB. The value at 4 hours was considerably higher and appeared to
be the optimum photodevelopment time for transition rate, henceforth further
experimentation for photomorphic transitions were conducted using AgNPs
photodeveloped for 4 hours. The loss of the photomorphic transition rate was attributed
to BSPP being oxidised to TPPO, observed at the 11 hour timeframe, driven by the
photodevelopment of the solution. Therefore, no BSPP was available to further complex
and oxidise the nanoparticles in solution.
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Figure 5.25. The observed rate of photomorphic transition versus photodevelopment
time. The solid black line represents the average mean value of all the rates of
photomorphic transition from time 1 to 11 hours. The dotted lines represent a positive or
negative standard deviation from the mean.

5. 7 Stability of Aging Dark-Transformed Solutions During Storage
The stability of a solution stored in the dark over time was also of interest in order
to determine solution storage stability. In this experiment, a solution was
photodeveloped for 4 hours and placed in the dark for one week. During that week, 1
mL aliquots of dark-transformed solution were removed at 24 hr sampling intervals.
UV-vis spectra were recorded immediately after sampling and the position of λ

max

(Figure 5.26). The position of each point of λ max was 564, 560, 556, 555, 554, 553 and
553 nm.
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of dark transformed solutions during one week of

storage in the dark. The points are plotted at 24 hour intervals.

Additionally, the ability of the solutions to light-transform was also tested at
each of the time intervals of dark exposure, by placing them in 575 nm light for 20
minutes. After that time, UV-vis was used to characterise the solutions and λ

max

was
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determined (Figure 5.27). The positions of λ max were 583, 583, 575, 578, 578, 578 and
578 nm.

600
590
580

max (nm)

570
560
550
540
530
520
510
500
0

24

48

72

96
time (h)

120

144

168

Figure 5.27. The ability of the dark-stored photomorphic AgNPs to light transform was
tested on aliquots of solutions which were stored in the dark for a week. The plotted
points show the position of λ max after 20 minutes of light exposure.
By comparison, the dark and light transformed position of λ

max

during the week

of dark storage and subsequent 20 minutes of light exposure demonstrated that the
photomorphic effect remained constant for the samples stored during this period of time
(Figure 5.28). The dark storage also demonstrates that the ability of photomorphic
AgNPs to transform was optimum after ~72 hours of dark storage.
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Figure 5.28. The overlapped light- (triangles) and dark- (circles) photomorphic
transitions for solutions sampled at different times. The vertical lines and accompanying
numbers
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magnitude

of

photomorphic
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between

the

photodeveloped and dark-transformed absorption positions.
These observations suggested that the chemical species responsible for the
photoxidation remained stable during the dark storage. The chemical species
responsible for the oxidative etching of the photomorphic effect could be, in part, the
result of BSPP complexation and oxidation of the AgNPs. The BSPP-Ag+ complex
remained stable during storage (Figure 5.9). The photomorphic transition would be
expected to remain constant as the majority of BSPP complexed molecules would
donate the Ag+ to the light-transforming particles.
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5. 8 Reproducibility of Photodeveloped AgNP and Photomorphic Transition
The reproducibility of the photomorphic effect was also another important aspect
that was investigated. A sample study was performed to characterise the inherent
variability of synthesis and rate of photomorphic transition after 24 hours of dark
exposure (Table 5.1). In this study, six solutions were synthesised using fresh reagents
prepared on separate days and exposed to the dark for 24 hours; the average darktransformed 

max

was 564 ± 1 nm. When these solutions were exposed to light for 20

minutes the average 

max

was 585 ± 3 nm. The average dark- to light- photomorphic

transition for these samples was 22 ± 3 nm.

Table 5.1. The position of max for dark-transformed, light-transformed solutions and
photomorphic shifts for six replicate samples synthesised on different days.

Dark-Transformed

Light-Transformed

Photomorphic
Transition

Sample

λ max(nm)

λ max(nm)

(nm)

1

562

580

18.0

2

562

588

26.0

3

565

584.5

19.5

4

564.5

586

21.5

5

564

587

23.0

6

563.5

583

19.5

5. 9 Discussion

The reversible photomorphic effect is based on two competitive equilibria. The
two equilibria are dependent on the presence or absence of light. During the light driven
equilibrium process, the reductive association of Ag+ was hypothesised to be caused by
photochemical reduction onto the surface of the AgNPs, while the dark driven
transformation was caused by the oxidation of the tip corners of the AgNPs by BSPP of
Ag+ to form a BSPP-Ag+ complex (Equation 5.6). Typically, truncation of the AgNPs
begins erosion at the point of greatest curvature on the nanoparticles, as reported in the
literature.12 Also, it is worth mentioning that other species that were not investigated are
quite likely to contribute to the oxidative etching of the prismatic AgNPs; such as O2,
CO3-2 and citrate.
dark

[BSPP] + AgNPm+1

[BSPP-Ag+] + AgNPm

(5.6)

λ
The photomorphic transition of the AgNP will be dependent upon the fate of the
BSPP. During the light driven equilibrium, the concentration of BSPP was decreased
due to an enhanced oxidative transformation to TPPO caused by photoillumination and
heat (Equation 5.7). This mechanism was substantiated by the
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P NMR and UV-vis

spectral characterisation of BSPP when exposure to light accelerated the rate of
oxidation to photo illuminated solutions.
[BSPP]non-adsorbed

λ|∆

[TPPO]

(5.7)

O2
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Therefore, when solutions were transformed from dark- to light-states, the
potential photomorphic transition was also decreased as the concentration of the BSPP
was converted to TPPO (or other oxidising species in solution were oxidised). The
observed photomorphic effect remained stable for the long-term, as BSPP converted to
BSPP-Ag+, which has been shown to be stable during dark storage. A combination of
Equations 5.6 and 5.7 illustrates the proposed dynamic photomorphic effect
mechanism (Equation 5.8). This lends credence to the dynamic nature of the complex
equilibriums for the photomorphic effect of AgNPs.

[BSPP-Ag+] + AgNPm


dark

[BSPP] + AgNPm+1
/
dark



/
[BSPP]non-adsorbed
O2

λ|∆

[TPPO]

(5.8)

5. 10 Summary

In summary, the photomorphic effect was attributed to non-adsorbed BSPP which
freely complexes and oxidises the prismatic AgNPs during dark exposure. The
photomorphic effect is ultimately linked to the fate of non-adsorbed BSPP. Therefore,
factors that contribute to the decrease of BSPP concentration will ultimately contribute
to a decrease in photomorphic effect. When BSPP is illuminated, this exposure causes
oxidation of BSPP to TPPO. However, the BSPP-Ag+ complex was stable during
extended storage and is the reason why the photomorphic transition remained constant
under these conditions. Contrasting this, photomorphicity is lost in samples that are
initially photodeveloped for too long. This loss was attributed to a decrease in the nonadsorbed BSPP resulting from light-driven oxidation of it to TPPO.
Recently, an added level of photo-morphological control was reported for the first
time by our research group that described reversible shape-shifting between AgNP
morphologies.11 In this earlier work, it was demonstrated that these AgNPs were
capable of reversibly transforming between prism- and disc-shaped particles dependent
on light- or dark- exposure. The shape transformation was attributed to a competitive
reaction that occurred between the photochemically driven reduction of Ag+ from
BSPP-Ag+ complex onto the surface of AgNPs to form prisms and the slower oxidation
of AgNPs by BSPP in the dark to form discs (Equation 5.9).
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(BSPP-Ag+)

-

P
P

- O -S
3
3OS

(BSPP)

SO3 SO
3

Ag
Ag
+

P
P

+
O3 S
3OS

SO
SO
3
-

3

(5.9)

λ
(Disc)

O2, dark

(Prism)

The utilisation of this effect has tremendous potential for use in a wide variety of
applications that exploit the attributes associated with prismatic AgNPs13-16 such as the
innate ability to transform into discs. These applications include use as components in
biosensors,17-19 theoretical dipole calculations for non-spherical nanoparticles (Discrete
Dipole Approximation (DDA)),20,

21

electronic properties22 (electrodes) and the

enhanced antimicrobial activities of triphenylphosphine derived silver ion complexes
against bacteria.23
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Chapter 6

Controlled Shape-Shifting of Silver Nanoparticles from Discs to Prisms

6

CHAPTER 6: INTRODUCTION

6. 1 Introduction
It has been established that the photochemical synthesis of silver nanoparticles (AgNPs)
stabilized by citrate produces prism-shaped particles.1-6 In exciting research described
here, a quick new process to synthesize a large array of controllable shapes independent
of particle size via selective exposure times to light excitation was demosnstrated. It has
been demonstrated for the first time that the photo-evolution process can be stopped at
any stage to produce discs, hexagons and prisms of increasing aspect ratio. This
phenomenon has been confirmed by transmitted electron image (TEI) analysis of the
time dependent particle growth along with corresponding optical absorption
spectroscopy (UV-vis). Indeed, this single synthesis method is unique amongst its kind
in the literature because of its unparalleled ability to easily, quickly and controllably
produce a range of particle sizes with predictable anisotropic shapes.
In previous chapters, it was shown that photomorphic AgNPs were capable of being
quickly, controllably and reversibly switched, producing prisms or discs in a single
reaction vessel triggered by the presence or absence of light, respectively. An
unanswered question from this study was the mechanism of photo-transformation from
discs to prisms. In this chapter, a discussion is made on the morphological evolution of
the dark-state (disc) AgNPs when placed into light. The initial disc morphologies were
sourced from prismatic AgNPs that were reverse transformed into discs under dark-state
conditions
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6. 2 Experimental Procedures.
All solutions were prepared following the protocol reported in Chapter 2. All reagents
were sourced from Sigma-Aldrich and used as supplied. The reagent concentrations
were 50 μM AgNO3, 200 μM Na3Citrate, 200 μM NaBH4 and 50 μM 4,4’(phenylphosphinidene) bis(benzenesulfonic acid) dipotassium salt hydrate. Solutions
were made in glass flasks to a total volume of 100 mL with reverse osmosis water. All
associated glassware was cleaned for a minimum of 10 minutes with 10% HNO3

(aq)

wash, followed by five rinses with DI water. All solutions were prepared using 4 hrs (±1
sec) of photodevelopment time in a Rayonet photochemical reaction chamber using
sixteen 5750 Angstrom bulbs. This synthesis was followed by 24 hrs of dark exposure
for the conversion of light to dark-transformed particles.
TEI/SEM sample preparation. Transmitted electron images were collected using a
JEOL 7500FA scanning electron microscope. A single drop with a volume of 8μL of
the various nanoparticle suspensions were dried onto 200mesh TEM grids with a carbon
support film (Agar Scientific). The dried preparations were then rinsed with EtOH and
dried before being mounted on the appropriate SEM holder and placed in the SEM.
Transmitted electron images were collected in bright field mode at an accelerating
voltage of 30kv with the specimen set at an 8mm working distance. The prepared
samples were analysed within 2 hrs to avoid shape degradation.

6. 3 Results and Discussion

6.3.1

Shape Transformation of AgNPs from Disc to Prisms

Shape control of the particles was achieved by irradiating a dark-transformed solution
of photomorphic AgNPs disc-shapes, at two minute intervals, up to a total of 16 minutes
in a Rayonet photochemical reaction chamber using sixteen 575 nm bulbs. The shape
evolution process could be stopped at any stage by removal of the photodeveloping
solutions from the light. These particles, when placed in the light for a discrete length of
time, were observed to evolve through a series of predictable and sequential
transformations, through which discs transformed into hexagons of increasing aspect
ratio and finally into truncated prisms (Figure 6.1). These observed dark- to lightparticle morphological shape transitions occurred within minutes of photoirradiation.
These findings are in contrast with previously reported methods used to develop
prismatic

AgNPs

which

typically

take

timeframes

of

hours

to

days

of

photodevelopment.2,3.
The use of citrate stabilization has been reported to play a critical role in the
photodevelopment of AgNP seeds to prisms.3,5 Citrate surfactant selectively adsorbs
onto the more favourable [111]-type faces of the AgNP, directing growth towards
prismatic orientations.3,7 The directed and preferential anisotropic growth is achieved by
hindering or promoting atom addition during particle growth in a process described as
“face-blocking”,8 where Ag+ reduces onto light transforming AgNPs.1
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Figure 6.1. Transmitted electron images of dark-transformed particles from a solution
that subsequently was light excited for 0, 2, 8 and 16 minutes (a, b, c and d). The scale
bar is equal to 100 nm. The a) and c) images were reversed in color to help differentiate
between the images. e) The size-independent directed growth of photomorphic AgNPs
from discs to truncated prisms.
Detailed examination of sequential TEI micrographs revealed a preferred growth shape
evolution that the AgNPs adopt during light excitation (Figure 6.2a-d). Darktransformed particles not subjected to light excitation contained predominately round
disc-shaped particles as shown in Figure 6.2a. Noticeably, there were other non-disc
shapes; however the majority of particles, regardless of shape, had well defined rounded
corners or edges Figure 6.2.

0min

a

546 nm

8min

586 nm

2min

b

562 nm

c

16min

d

593 nm

Figure 6.2. TEI and optical images of a) dark-transformed solution to b) 2 min, c) 8min,
and d) 16 minutes of light excitation. The wavelength indicated is the position of the λ
max of the in-plane dipoles of the solutions.
The shape of the AgNPs after 2 minutes of light excitation is shown in Figure 6.2b.
Again, there was a polydispersity observed amongst the sizes of the AgNPs. However, a
distinct shape orientation preference was adopted during growth. The majority of the
particles developed flat-surface-faced hexagonal features, which was in stark contrast to
the rounded edges observed for particles before photo-transformation (Figure 6.2a).
AgNPs irradiated for 8 minutes exhibited an increase in aspect ratio with respect to the
particles formed at earlier irradiation times, Figure 6.2c. Significantly, even the
smallest of the AgNPs were observed to follow the disc-polygon-prism bimodal growth
regime. The truncated prisms were observed to range from 12 to 88 nm in this particular
image. Truncated prisms were further developed at 16 minutes of light excitation
(Figure 6.2d).
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Photodevelopment was monitored at each time interval using UV-vis
spectroscopy (Figure 6.3a). After sixteen minutes of excitation, the photomorphic
solutions had a λ

max

red-shift from 546 to 592 nm. This observed maxima was due to

the in-plane dipole plasmon of anisotropic plate structures.1 Irradiation of the AgNPs
initiated a rapid shape change attributed to the initially high concentration of Ag+
present in solution that is associated to a corresponding change in the average particle
size.1 The rate of these morphological changes decreases with time due to Ag+
depletion. As predicted by discrete dipole approximation calculations,9 the growth of
tip-corners to these disc- and polygon-shaped particles results in a red-shift in
absorption.10-13
The relationship between the average particle height, measured orthogonally
from the flat broad base of the particle to its top (or, in the case of discs, the
diameter)(Figure 6.3, a), and the in-plane dipole plasmon maxima is shown in Figure
6.3b. The height of the AgNPs increased with the corresponding time dependent light
transformations from discs to prisms. This process was driven by the selective
deposition of Ag+ to the surface of the AgNPs when photoirradiated.14 A plot of the
measured average particle height versus the absorption maxima presented a highly
linear correlation with the increase in particle growth (Figure 6.3).
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Figure 6.3. a) A plot of the average particle height versus UV-vis absorbance maxima.
The schematic depicts the method used to measure the diameter or height of the various
particles. b) Representative UV-vis absorption spectra of a single solution of
photomorphic AgNPs evolving from discs to prisms. The spectra were obtained in
series at 2 minute intervals from dark exposed at t= 0 through 8 intervals to 16 minutes
of photo-transformation.
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Consequently, the surface plasmon resonance band will continue to shift with greater
excitation times (Figure 6.4).
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Figure 6.4. The overlapping spectra of a solution light excited for 0, 2, 4, 6, 8, 10, 12,
14, 16 and 240 minutes. The continued light excitation of solutions for 240 minutes
caused an increased red-shift of the in-plane dipole SPRB compared to solutions that
were irradiated for the shorter timeframes.

From examination of TEI images, and comparison of the UV-vis spectra and size
analysis, it was evident that the particles undergo a discrete series of morphological
alterations as they transform from discs to prisms. The particles were first observed to
have round edges and tips. The majority of particles then transform to hexagon-shaped
AgNPs which then convert into hexagon shapes with higher aspect ratios. Lastly, the
particles adopt the truncated prism shape. These transformations were observed across
all particles irrespective of the initial (dark state) AgNP disc size. Additionally, the rates
of these transformations were controllable by light excitation and could be stopped at
any stage of shape development.

Significantly however, the growth of the photomorphic AgNPs appeared to be
synergistically directed by the Ag lattice twin planes, which has been described in the
literature as characteristic of prismatic shape development.15-18 These transformations
are due to the innate growth processes of fcc twin planed materials.15-18 Specifically, the
phenomenon of twinning has been reported to significantly influence the shape and
growth of nanoparticles.16 AgNPs have been reported to have hexagon shapes,15 caused
by a sixfold symmetry. The six faces have three concave and three convex alternating
orientations. These are caused by stacking faults. An example of the twin plane stacking
faults for this fcc metal was demonstrated by viewing the edges of the particles where
the grooves can be observed (Figure 6.5).15

Figure 6.5. TEI image showing stacking faults of AgNPs. The scalebar is equal to 10
nm.
According to Sau et al,17 the ‘general rule of crystal growth’ is that adsorbing
atoms will add to regions of nanoparticles where coordination is maximized in order to
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increase stabilization energy. This ‘general rule of crystal growth’ can be applied to the
corresponding shape directed growth of AgNPs and their twin planes. As described by
Lofton et al.15 growth is accelerated on the three sides of concave orientations and
slower on the three sides of convex orientations because the concave faces have higher
coordination regions, termed as reentrant grooves.18 This results in the shape growth
being driven to hexagons of increasing aspect ratios to form prisms as the concave faces
eventually disappear.
6. 4 Summary

In conclusion, we show a distinct shape evolution for the growth of
photomorphic AgNPs from discs to prisms. This process obeys the growth conditions
necessary for the sixfold symmetry of an fcc system by transforming particles via an
intermediate polygon form. Photo-generation of hexagonal shaped particles with
differing aspect ratios has been demonstrated as a function of irradiation time. Since
smaller particles were also observed to transform, it is possible that prisms of various
size ranges can also be controllably developed.
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Chapter 7

The antimicrobial activities of photomorphic silver nanoparticles

7

CHAPTER 7: INTRODUCTION

7. 1 History of Silver as an Antimicrobial

For several decades ionic silver

1, 2

and silver complexes

3, 4

have been used as

antiseptics with the two most prominent applications being the treatment of burn
wounds5 and water sanitisation.6 The US Food and Drug Administration approved
colloidal silver for the treatment of wounds in the 1920s; however, the use of these
silver nanoparticles (AgNPs) as antimicrobials was believed to be made redundant by
the advent of antibiotics in the 1940s.6 The use of antibiotics as a treatment for burn
wounds was found to be less successful though, as bacteria in the wounds of burn
victims often became resistant to the antibiotics,6 as a result of the long treatment times
necessary for the recovery. Thus, in 1964 Ag+ became popular in the medical arena
where 0.5% (w/w) silver nitrate compound formulations were used in the treatment of
burns. Ag+ in this application did not interfere with epidermal proliferation and had
antimicrobial properties against many bacteria including Staphylococcus aureus,
Pseudomonas aeruginosa and Escherichia coli (E. coli).7,

8

In 1968 the Ag-complex,

1% (w/w) silver sulfadiazine, was introduced as a new treatment for burns.9 Silver
sulfadiazine acts as a reservoir, where Ag+ is slowly released into the fluids of the
wounds. A clear advantage of silver was that it was effective against multidrug-resistant
organisms and had a low systemic toxicity. The ability of Ag to have a multilevel
antibacterial effect considerably reduces the chance that bacteria will develop a
resistance to it.6 For these reasons research into AgNPs as an antimicrobial agent has
gained ongoing popularity in the scientific community.8, 10-14
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7. 2 Responses of Bacteria to AgNPs

Focus has more recently turned to AgNPs as antimicrobials due to their inherent
bactericidal activity. The mechanism for the interaction of Ag with bacteria have not
been well defined in the literature in terms of the chemical mechanisms associated with
this antimicrobial effectiveness, as no one response typifies their behaviour.15 One
reported mechanism of this bactericidal behaviour is reported to cause cell disruption
through binding of the silver to cytoplasmic proteins and sulphur-containing
membranes.16, 17 Rai et al. describes that Ag will interact with bacteria depending on its
oxidation and complexation state resulting in different modes of attack.8 They speculate
that silver ions inactivate various thiol containing proteins, using a silver zeolite (silver
complexed ligand) that enters the bacteria and then inhibits cellular function by reacting
with oxygen molecules. It was also suggested that small <5nm AgNPs might react
differently by compromising the phosphorous regions of DNA. Also up for debate is the
observed physical response of the bacteria to larger (>5 nm) AgNPs. For instance,
Morones et al. have shown that healthy bacteria (Figure 7.1 a) were damaged by
AgNPs by rupturing the cell membranes (Figure 7.1 b and c).14

Figure 7.1. TEM images of a P. aeruginosa sample at different magnifications are
shown. (a) Control sample, i.e. no silver nanoparticles were used; (b) and (c) samples
that were previously treated with silver nanoparticles. Silver nanoparticles can be seen

inside the bacteria and noticeable damage in the cell membrane is noted when compared
with the control sample.14
In contrast, Shrivastava et al. have observed a similar toxicity effects (Figure
7.2), where bacteria do not appear to be ruptured.13 Instead, many of the AgNPs
aggregated into clusters onto the cell walls and the bacteria responded by an increased
over-expression of extracellular polymeric substances (EPS). In the literature bacteria
have been reported to use EPS as a defence mechanism against metals by chelating
metal ions.18, 19

b)

a)

c)

Figure 7.2. TEM microphotographs showing different stages of interaction of silver
nanoparticles with E.colloidali.13 a) low interaction, b) increased interaction and c) high
interaction.
Thus within this study, bacteria were expected to respond to the presence of
AgNPs in different ways. If bacteria were not affected by AgNPs, they were expected to
remain healthy (Figure 7.1a), however if the AgNPs were antimicrobial, they might
have cell wall rupturing (Figure 7.1c) or they may respond by an over production of
EPS (Figure 7.2a, b and c). The observed effect of the bacteria caused by the
photomorphic AgNPs will now be discussed in this Chapter.
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7. 3 The antimicrobial activities of photomorphic silver nanoparticles

Photomorphic AgNPs are a new area of study in the field of AgNPs and have a
well-developed mechanism for shape-shifting controlled by dispersion of silver ion with
the gradual oxidation and complexation of oxygen and 4, 4-(phenylphosphinidene) bis
(benzenesulfonic acid) dipotassium salt (BSPP) (Mechanism 7.1). BSPP is a
triphenylphosphine derivative. Silver triphenylphosphine complexes have been reported
in the literature to be antimicrobial.20 It is hypothesized that these photomorphic AgNPs
could therefore be used to actively transfer BSPP-Ag+ complex to the surface of
bacterial cell walls to create an enhancement of the antimicrobial activity and potency
against bacteria. To date, these unique photomorphic AgNPs have never been reported
as antimicrobials.

(7.1)

Scheme 7.1. Photomorphic AgNPs are truncated in the dark, gradually increasing the
concentration of BSPP-Ag+ complex in the solution.
Until recently, there were no reports in the literature as to the effect of
morphology upon Ag antimicrobial potency. However, in 2007, Pal et al. were the first
to report that prism-shaped silver nanoparticles displayed stronger biocidal action
compared to spherical and rod-shaped nanoparticles.12 Therefore, an important question
arises which concerns the mechanism of the photomorphic AgNPs: whether the
solutions containing a high level of prism-shaped particles, and consequently a lower
level of silver complex would have a higher antimicrobial activity versus the solutions
which contained a low level of prism-shaped particles and a higher level of silver

complex. In other words, would the dark-state of the photomorphic AgNPs have a
greater antimicrobial potency against bacteria in comparison to the light-state?
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7. 4 Experimental

7.4.1

Synthesis and Photodevelopment of Photomorphic Silver Nanoparticles

Solutions of colloidal Ag nanoparticles were prepared by a multiple step
process. All reagents were sourced from Sigma-Aldrich and used as supplied. Aqueous
solutions of AgNO3 (0.5 ml x 0.01M) and trisodium citrate (TSC, 1.0 ml x 0.02M) were
added to Milli-Q grade water (96.5 ml) in a 200 ml Erlenmeyer flask. NaBH4 (1.0 x
0.02M) was added to the AgNO3/TSC solution producing a yellow solution. To this, 4,
4-(Phenylphosphinidene) bis (benzenesulfonic acid) dipotassium salt hydrate (BSPP,
1.0 ml x 0.005M) was then added. The solutions were photodeveloped for 4 hours and
tested against the bacteria. Additionally, another batch of the resulting solutions were
placed in the dark for more than 16 hours and an aliquot of these solutions were used as
the dark-transformed solutions reported below.

7.4.2

Control Parameters

All samples were prepared in triplicate to elicit a statistically significant
response. The control parameters were method blank, non-photomorphic AgNPs and
AgNO3 (aq). These parameters were prepared as described below:
7.4.3

Method Blank
Solutions of method blank contained no Ag+ (aq), prepared by mixing (0.5 ml x

0.01M) and trisodium citrate (TSC, 1.0 ml x 0.02M) were added to Milli-Q grade water
(97.0 ml) in a 200 ml Erlenmeyer flask. NaBH4 (1.0 x 0.02M) was added to the
AgNO3/TSC solution producing a yellow colour. To this, 4, 4-(Phenylphosphinidene)
bis (benzenesulfonic acid) dipotassium salt hydrate (BSPP, 1.0 ml x 0.005M) was then

added. The resulting solutions were placed in the dark for more than 16 hours and then
used as prepared.

7.4.4

Non-photomorphic AgNPs

Solutions of non-photomorphic Ag nanoparticles were prepared by mixing
aqueous solutions of AgNO3 (0.5 ml x 0.01M) and trisodium citrate (TSC, 1.0 ml x
0.02M) which were added to Milli-Q grade water (96.5 ml) in a 200 ml Erlenmeyer
flask. NaBH4 (1.0 x 0.02M) was added to the AgNO3/TSC solution producing a yellow
solution. To this, 4, 4-(Phenylphosphinidene) bis (benzenesulfonic acid) dipotassium
salt hydrate (BSPP, 1.0 ml x 0.005M) was then added. The solutions were not
photodeveloped. The resulting solutions were placed in the dark for more than 16 hours
and then used as prepared.
7.4.5

AgNO3

Solutions of AgNO3(aq) were prepared by mixing aqueous solutions of AgNO3
(0.5 ml x 0.01M) to Milli-Q grade water (99.5 ml) in a 200 ml Erlenmeyer flask. The
resulting solutions were placed in the dark for more than 16 hours and then used as
synthesised.

7.4.6

Preparation and Eliciting a Response of Bacteria

The effect of exposure of the gram-negative bacteria Escherichia coli (E. coli) to
each form of AgNP and controls were determined. A 10 mL culture of E. coli was
inoculated from a culture grown in low salt Luria-Bertani media (NaCl 5 g/L, tryptone
10 g/L, yeast extract 5 g/L in MilliQ water) overnight at 37⁰C with shaking at 200 rpm.
The culture was grown to mid-log phase as determined spectrophotometrically (OD 600
0.5-0.8, determined using an Ultrospec 10 cell density meter, GE Healthcare), under the
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same conditions. The mid-log phase bacterial suspension was diluted in low salt LB and
a 10µL volume of bacteria was added to 100µL of test solution to a final concentration
of 1 x 105 CFU/mL. In 96-well micro litre plates, serial dilutions of either light
transformed AgNPs, dark transformed AgNPs, non-photomorphic AgNPs, AgNO3 or
method blank were prepared in MilliQ water prior to the addition of bacteria. Plates
were incubated at 37⁰C and the minimum inhibitory concentration (MIC) of each
treatment was determined after reading the plates at 600nm (SpectraMax plus384,
Molecular Devices). The lowest concentration to inhibit growth of E. coli was
designated the MIC.

7.4.7

SEM and TEM Preparations

Samples for TEM and SEM were prepared at treatment dilutions of 1/2 and 1/8
and 1/128 In MilliQ and exposed to 1 x 107 CFU/mL E. coli in a total volume of 3 mL.
Treated cells were incubated at 37⁰C with shaking at 200 rpm for 30 min prior to
pelleting at 5000 x g. Cells were then washed in 0.1 M citrate, and fixed in 4% (w/v)
paraformaldehyde in 0.1 M citrate before preparation for SEM and TEM imaging.
Bacteria samples were prepared for imaging work by casting a single 8 µL drop
of the desired solution containing bacteria onto a carbon 200 mesh Cu grid (Agar
Scientific) and sequential drops of 50%, 75%, and 90% (vol/vol) ethanol solution which
were also cast onto each grid and allowed to dry completely under the nitrogen stream.
This treatment was done to prevent deformation of the bacteria during SEM and TEM
imaging.

7.4.8

Critical Point Drying

Samples for critical point drying (CPD) were dehydrated through an alcohol
series using 30%, 50% and 70% (v/v) (in dH20) for 15 mins each and left in 70% until

used for CPD. Prior to CPD, samples were taken through further dehydration steps by
using fresh 70%, 85% and two rinses of 100% ethanol each for 15 mins. Specimens
were transferred into CPD chamber (Balzers 300 CPD) containing 100% ethanol and
the chamber sealed. The chamber was cooled to 7ºC prior to start of the CPD process
and the specimen chamber was then flushed with 4 rinses of liquid CO2 with a pause
between each flush of 15 mins to allow ethanol extraction from the specimens. After the
final rinse the specimen chamber was flushed with fresh CO2 liquid and the chamber
was then heated slowly to 41°C to take the CO2 through its critical point. Following this
method, the chamber was slowly vented back to atmospheric pressure over a period of
about 30 mins and the dried specimens removed. The specimens for SEM analysis were
then mounted on aluminium stubs using conductive carbon tape and coated with 10nm
gold using an Edwards’s sputter coater at a vacuum of 2 x 10-3 mbar and a power setting
of 30 watts.
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7.4.9

The Importance of Quality Assurance and Control of the AgNP states for
Accurate Determination of Bacterial Responses

It was determined that the bacteria responded differently to even small
deviations in the position of λ

max

of light- and dark-state AgNPs. This was not

unexpected because the size and shape of the AgNPs were extremely dependent on the
position of the surface plasmon resonance bands (SPRBs), which consequently changes
the concentration levels of BSPP-Ag+ in solution (Chapters 4 and 5). Therefore, it was
critical for the determination of the MIC values reported to use highly reproducible
solutions, which were scrutinised by a high level of quality assurance. This was
accomplished by testing the spectral features of the solutions used against the bacteria to
a spectral profile, which was the average plot of ten independently synthesised solutions
using precisely 4 hours of photodevelopment. Also, the dark-state AgNPs were tested
for reproducibility. This was done by allowing the light-state solutions to turn to darkstate solutions by placing them in the dark for 16 hours. The solutions were tested in a
similar plot, which was the average of ten dark-state solutions that had been in the dark
for precisely 16 hours. If the spectral features were outside of two standard deviations of
the averaged plot profiles, the results were invalidated (Figure 7.3). Therefore, the
photodevelopment time of the solutions was a prime consideration when testing the
response of bacteria to the particles, as the spectral features constantly changed due to
exposure times to the light or dark.
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Figure 7.3. The average UV-vis spectra of ten dark-state of the photomorphic solutions
(solid black) and two standard deviations difference (dashed lines) indicates the
acceptable deviation rages of solutions used to be tested against the bacteria. The two
plotted UV-vis spectra (pink and blue) with λ

max

that were inside the acceptable range

of deviation demonstrated acceptable quality assurance values, while the UV-vis spectra
which had the λ

max

outside the range failed and the results from this solution were

considered invalidated.
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7. 5 Results

The ex situ formation of prismatic-shaped photomorphic AgNPs was
accomplished by the photodevelopment of Ag colloidal solution (See Experimental).21
The reaction usually takes many hours of illumination to complete. The formation of
characteristic SPRB in the UV-vis spectra indicated a successful synthesis of prismshaped AgNPs.22, 23 This synthesis method produces prismatic AgNPs that transform to
discs when placed in the dark over many hours causing a blue-shift to the major SPRBs
(Figure 7.4).15 As observed in Figure 7.4 (insets a and b), the particles transform from
disc- to prism-shapes when subjected to dark or light conditions and shall be referred to
in this Chapter as dark- or light-states, respectively.
It is estimated that ca. 3 x 109 molecules of Ag were oxidised off the surface for
each of the prism-shaped particles via the dark transformation of the particles into discs
over several hours. No ion concentrations above 1 µM were detectable by ion exchange
electrode investigations during the transformation process supporting that BSPP
complexes with the Ag+ released from the AgNPs.
The shape transformation of photomorphic AgNPs from light to dark states, as
previously reported in this thesis, were studied by UV-vis analysis. Often, these UV-vis
measurements were continuously recorded over many hours. Thus, the darktransforming solutions were repeatedly exposed to a low level of light intensity from the
instrument as measurements were obtained. The ambient light levels that the darktransformed AgNPs were exposed to during the UV-vis studies were not sufficiently
intense enough to affect the dark-state AgNPs. Additionally, special care was taken to
minimise the ambient light exposure of the AgNPs by using aluminium foil as a light
shield.

Figure 7.4. UV-vis spectra of the light-state and dark-state of the photomorphic AgNPs.
The insets demonstrate the typical shapes and polydispersity of the prism shaped lightstate and disc shaped dark-state particles. The scalebar lengths are equal to 100 nm.
7. 6 The Antimicrobial Potency of the Tested Parameters

The antibacterial potency of both AgNPs states were tested against gram-negative E.
coli and were compared to control parameters. The bacteria were grown to log phase
and then incubated with a range of concentrations of light-state AgNPs, dark-state
AgNPs, non-photomorphic AgNPs, AgNO3(aq), or method blank. Table 7.1 presents the
quantitative minimum inhibitory concentration (MIC) data from the in vitro studies.
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Table 7.1. Minimum concentrations of light- and dark-state AgNPs, non-photomorphic
AgNPs, AgNO3 (aq) and Method Blank required to inhibit the growth of gram-negative
Escherichia coli cells.
Treatment

Minimum Inhibitory Concentration (µg/mL)

Light-state AgNPs

0.73 ± 0.20

Dark-state AgNPs

0.25 ± 0.04

Non-photomorphic AgNPs

0.17*

AgNO3(aq)

0.08*

Method Blank

∞

* Error indeterminate (see text below)
The dark-state AgNPs displayed enhanced antimicrobial effectiveness against E.
coli being ca. 2.9 times more potent than the light-state while remaining approximately
as potent as the non-photomorphic AgNPs. The treatment of AgNO3

(aq)

was

approximately 3.0 times more potent than the dark-state AgNPs and ca. 8.7 times more
potent than the light-state AgNPs. The method blank exhibited as expected and showed
no activity against the bacteria. Note that the standard error was not reported for nonphotomorphic and AgNO3 treatments because the samples were tested at incremental
values in a 96-well plate and the antimicrobial potency against the bacteria occurred at
the same concentration level of treatment for each to the studies.

7. 7 Electron Microscopy Imaging of Bacteria Exposed to AgNPs

The direct interactions of bacteria with the photomorphic AgNPs was evaluated
by transmission electron microscopy (TEM). The different states of the light- and darkstate particles were administered at a known MIC. The TEM images reveal that the
photomorphic AgNPs, whether or not they were light- or dark-states, adhered to the
bacterial cell walls or the material that was excreted by the bacteria which was
attributed to be EPS (Figure 7.5).

Figure 7.5. TEM micrographs of (a) light-transformed AgNPs clustering in close
proximity to bacteria. (b) dark-transformed AgNPs clustered and encapsulated by EPS.
(c) light-transformed AgNPs adhering and clustering in large quantities on the bacteria
cell walls. (d) Closely magnified dark-transformed AgNP interaction on cell walls of
bacteria. Scalebars lengths are (a) 200 nm, (b) 2 μm, (c) 2 μm and (d) 200 nm.
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Interestingly, the over-expression of EPS by the bacteria was observed to push the
AgNPs away from the cell walls (Figure 7.5b) as compared to SEM images of bacteria
with no over-expression of EPS (Figure 7.5c).

7. 8 The Control Parameters Investigated

The response of the bacteria to the control parameters were also investigated by
SEM imaging. The two Ag containing control parameters were used to test the response
of bacteria Ag+ and Ag0 oxidation states of Ag. The first control parameter was AgNO3
(aq).

Bacteria were treated with the same the chemical concentration levels (1.35, 0.33

and 0.04 µg/mL) as contained in the treatments used for the light- and dark-state
photomorphic AgNPs solutions (Figure 7.6a). At the 1.35 µg/mL concentration, there
was no only a few instances of over-expression of EPS production observed in the
images. Instead, most of the bacteria cell walls were severely ruptured, blebbed and
misshapen. At the 0.33 µg/mL concentration, the bacteria were observed to have
fissuring and blebbling; however, an increased number of bacteria were observed to
display evidence of EPS over-expression (Figure 7.6b). At the 0.04 µg/mL
concentration, many of the bacteria were observed to be coated by a thick layer of EPS
secretion similar to how the bacteria responded to the lowest concentration of dark-state
photomorphic AgNPs (Figure 7.6c).

Figure 7.6. The SEM micrographs of E. coli responding to high, medium and low MIC
of AgNO3 (a-c). Scale bars are equal to 10 μm and inset is equal to 1 μm.
The second control parameter was non-photomorphic colloid AgNPs. These
particles were synthesized identically to the photomorphic AgNPs method, but instead,
they were not photodeveloped into prism-shapes. Characterisation on these particles
indicates that spherical-shape 25 ± 16 nm diameter spheres (Chapter 4), which are
stable for at least six months of storage (Chapter 2). At the 1.35 µg/mL concentration
treatment, the bacteria were observed to respond by an over-expression of EPS
accompanied by blistering and blebbing of the cell walls (Figure 7.7a). At the 0.33
µg/mL concentration, the bacteria also responded by the over-expression of EPS and the
blistering and blebbing of their cell walls (Figure 7.7b). Observed in the SEM images
at the 0.04 µg/mL concentration, the bacteria were observed to respond to the AgNPs by
a minor over-expression of EPS secretions and the occasionally observed blister or bleb
on the cell walls of the bacteria (Figure 7.7c).
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Figure 7.7. The SEM micrographs of E. coli responding to high, medium and low MIC
of non-photomorphic AgNPs (a-c). a) Bacteria are observed to bleb and over-express
EPS at high concentrations. b) The bacteria are observed to increase their overexpression of EPS at concentrations that are closer to the MIC value. c) The bacteria
respond to low concentrations of non-photomorphic AgNPs by some over-expression of
EPS. The Scale bars are equal to 10 μm and inset is equal to 1 μm.

The bacteria were also exposed to method blank treatments which contained the
same chemical compositions of the photomorphic AgNPs except without AgNO3. The
bacteria were observed to respond similarly to the high, medium and low concentrations
of the method blank (Figure 7.8a-c). In a few instances, an odd bacterium was observed
to over-express EPS and have blistering or blebbing on the cell walls, but this was at a
significantly lower frequency compared to the bacteria exposed to the other treatments
at the same concentrations. The over-expression of EPS and the blistering and blebbing
of cell walls was expected to be observed occasionally because some bacteria would
certainly be at the death stage of their life cycle. Also important to note is that bacteria
induce the over-expression of EPS to secure themselves to the surfaces, however
usually over a longer period of time.

Figure 7.8. The SEM micrographs of E. coli responding to high, medium and low MIC
of method blank (a-c). The bacteria are observed appear healthy regardless of the
treatment concentration. The Scale bars are equal to 10 μm.
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7. 9 Bacterial Response to the Treatments of Photomorphic AgNPs

The physical responses of the bacteria were investigated by using three different
concentrations of the photomorphic AgNPs and controls, which were relative to the
dark and light state MIC values. The three levels were: Greater than the MIC (1.35
µg/mL), Equal to the MIC (0.33 µg/mL) and Less than the MIC (0.04 µg/mL).
Scanning electron microscopy (SEM) was used to monitor the observable physical
responses of bacteria to the presence of the AgNPs; such as, 1) blebbing, rupturing, or
formation of apoptotic bodies on the bacterial cell walls; 2) deflation and/or shrivelling
of the bacteria cells which caused extreme deformations and resulting in misshapen
cells, and 3) the over-expression of EPS. The concentrations that are reported for the
AgNPs are equal to the mass of AgNO3 used to synthesise them and then the associated
changes that were due to dilution. The bacteria were fixed with paraformaldehyde after
30 minutes of exposure time, which locked the bacteria and prevented them from
responding to the AgNPs and controls once exposed. This period was used to elicit the
response of the bacteria to the different treatments immediately after exposure without
eradicating all of the bacteria in solution.

7. 10 Bacterial Response to Concentrations of Photomorphic AgNPs Greater than
the MIC value (1.35 µg/mL)

The SEM images revealed that the majority of bacteria exposed to the treatments
of photomorphic AgNPs that were ca. 2 and 5 times greater than MIC of the light- and
dark-state photomorphic AgNPs, respectively, In this case, the bacteria appeared to be
in an alarming state of distress (Figure 7.9a-d). Interestingly, the bacteria were
observed to have numerous responses to the treatments regardless of the light- or darkstate AgNPs treatments. For example, in many of the images, the cell walls of the
bacteria were observed to contain blebs, ruptures, over-expression of EPS and apoptotic
bodies. Some of the bacteria were observed to respond to the high level of the AgNPs
by the over-expression of EPS, however at a dramatically lower frequency, as compared
to the concentrations that were equal to the MIC value.

192

Figure 7.9. The SEM micrographs of E. coli responding to greater than MIC (a-d), (a)10
μm (inset 2 μm), (b) 2 μm, (c) 10 μm (inset 2 μm), (d) 2 μm.

7. 11 Bacterial

Response

to

Concentrations

of

Photomorphic

AgNPs

Approximately Equal to the MIC value (0.33 µg/mL)

The SEM images reveal that the bacteria responded differently to this
concentration gradient, as compared to the higher level of treatment (Figure 7.10a-d). It
is important to mention that the concentration of light-state AgNPs used was
approximately equal to 0.5 of the MIC, while the dark-state was approximately equal to
1.5 of the MIC. The imaged bacteria were analysed by dividing them into three
response categories: i) fissured or ruptured cell walls, ii) over-expression of EPS
production, and iii) no detectable defects. The bacteria treated with solutions containing
the light-state AgNPs had an overall percent composition, of which, 5% had fissured or
ruptured cell walls, 47% had over-expression of EPS and 48% had no detectable defects
while bacteria treated with solutions containing the dark-state AgNPs had an overall
composition of 2% had fissured or ruptured cell walls, 67% had over-expression of EPS
and 31% had no detectable defects. Thus, the bacteria responded to either state of the
photomorphic AgNPs with the over-expression of EPS in response to the AgNPs. Thus,
twenty percent more of the bacteria responded to the concentration of the more potent
dark-state AgNPs by an increased over-expression of EPS.
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Figure 7.10. The SEM micrographs of E. coli responding to less than MIC (a-d)
concentrations of dark- and light-state photomorphic AgNPs. a) The response of
bacteria to concentrations of dark-state AgNPs at the MIC by over-expression of EPS.
b) The response of bacteria to the treatments of AgNPs caused them to become
misshapen. c) Bacteria respond to concentrations of light-state AgNPs equal to MIC by

the over-expression of EPS. d) A higher magnification SEM image of bacteria
responding to at equal to MIC. The scale bars are equal to 1 μm.
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7. 12 Bacterial Response to Concentrations of AgNPs at Lower than the MIC value
(0.04 µg/mL)

The SEM images reveal that the bacteria responded differently to the lower
concentrations of the two AgNP states than they had to the previous higher
concentrations. The potency of these states was approximately 20 times lower and 6
times lower than the MIC for light- and dark-state, respectively. The Bacteria responded
to the dark-state particles by blistering and rupturing of the cell walls (Figure 7.11a and
b), however at a much lower frequency than the previously described responses.
Additionally, thicker layers, due to the over-expression of EPS, seemed to encapsulate
many of the bacterial cell walls (Figure 7.11a). In contrast to the bacterial response to
the light-state AgNPs, which had blebbing and over-expression of EPS as bacteria
responded to the light-state AgNPs, was observed only a few times (Figure 7.11c and
d).

Figure 7.11. The SEM micrographs of E. coli responding to less than MIC (a-d)
concentrations of dark- and light-state photomorphic AgNPs. a) The bacteria responded
to low concentrations of dark-state AgNPs with an increased over-expression of EPS to
coat the bacteria. b) The bacteria were still observed to rupture when exposed to the
dark-state AgNPs. c) Bacteria were demonstrated to minimally respond to the presence
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of light-state AgNPs. d) High-magnification images of light-state AgNPs. The scale
bars are equal to (a) 10 μm, (b) 1 μm, (c) 10 μm and (d) 1 μm.

7. 13 Discussion

The examination of the SEM images revealed a response trend of the bacteria to
the different treatment concentrations of the light- and dark-state AgNPs, nonphotomorphic AgNPs and AgNO3 (Figure 7.12). When the treatments were much
greater than the MIC, the bacteria were observed to respond with a greater frequency of
fissuring, blebbing, fracturing, and apoptotic bodies of the bacteria cell walls and with
fewer observable instances of over-expression of EPS. At a lower concentration, closer
to the MIC values, bacteria were observed to have a decreased frequency of ruptured or
blistered cell wall defects, but the frequency of over-expression of EPS was observed to
have increased substantially. This was particularly well-demonstrated by the SEM
images of the bacteria treated at the 0.33 µg/mL doses of both the dark-state of
photomorphic AgNPs and AgNO3 (Figure 7.11a and Figure 7.6c), These bacteria were
observed to respond to the 0.04 µg/mL treatment of dark-state AgNPs and AgNO3 by an
increased over-express of EPS formation coated in thick layers.
The proposed response mechanism of the bacteria to the different concentration
levels of photomorphic AgNPs is described by the observations and the detailed
understanding of the mechanisms associated with the photomorphic AgNPs (Figure
7.12).
In Figure 7.12a, an illustrated response of the bacteria to the three
concentrations of AgNO3 (aq) are presented. At the highest concentration, the majority of
the bacteria were observed to be ruptured and/or blebbed with a low frequency of overexpression of EPS. At a lower concentration, but still above the MIC, the bacteria were
observed to be ruptured and blebbed, but the bacteria had a greater frequency of overexpression of EPS. While at the lowest concentration of AgNO3 (aq), a concentration that
was below the MIC, the bacteria were observed to coat themselves with an increased
over-expression of EPS. This appears to be their mechanism to defend themselves
against the exposure to Ag+. Seemingly, when the concentrations of Ag+ are much
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greater than the MIC, the bacteria do not have the capacity to excrete enough EPS in
time to prevent death from occurring, thus a decreased frequency of over-expression
was observed.
In Figure 7.12b, an illustration of the bacteria responding to the three levels of
treatments to the non-photomorphic AgNPs is presented. When concentrations were
much greater than the MIC, the bacteria were observed to have their cell walls blebbed
and fractured. However, compared to the AgNO3 treatment, over-expression of EPS
was observed in a higher frequency. When the concentration was decreased to the
middle range level, which was still potent, the bacteria were observed to have an overexpression of EPS and defect sites on the cell walls. It appears that the bacteria
responded to this concentration of the AgNPs by a greater over-expression of EPS,
compared to the highest concentration level, but the bacteria were still overwhelmed as
indicated by the MIC study (Table 7.1). While at the lowest concentration level, the
bacteria responded by only producing a small amount of over-expressed EPS.

Figure 7.12. a) The observed response of bacteria to high, medium and low
concentrations of AgNO3. At the high concentration, the bacteria were observed to have
a high frequency of rupturing. At the medium concentration, the bacteria were observed
to respond by an increase over-expression of EPS also accompanied by rupturing and
blebbing. And at the low concentration, the bacteria were observed have an increased
over-expression of EPS which was observed to coat them with a thick layer. b) The
bacteria were observed to respond the high concentrations of non-photomorphic AgNPs
by displaying many defect sites on their cell walls, also observed were some overexpression of EPS. At the medium concentration, the bacteria were observed to have a
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high frequency of over-expression of EPS and cell wall defect sites. At the lower
concentration, only a few bacteria were observed to have an over-expression of EPS
production.
The bacteria were observed to respond to the lower concentrations of the
Ag+/AgNPs by over-expression of EPS as a defence mechanism in an attempt to chelate
the ions which additionally functions to encapsulate and push AgNPs away from
themselves. The bacteria were also observed to respond to the different concentrations
of Ag by varying the amount of over-expressed EPS. For instance, the bacteria were
observed to over-expression EPS at the lowest concentrations of the most potent
treatment, AgNO3, while virtually no response was observed at the lowest concentration
of the less potent treatment, non-photomorphic AgNPs. However, the frequency of
observed over-expression of EPS was increased as the concentrations approached the
MIC values. Seemingly, this strategy will offer the bacteria a defence mechanism up to
a certain concentration threshold, as the Ag+ and the non-photomorphic AgNPs were
observed to compromise the cell walls of the bacteria and cause death with a minimal
amount EPS response by the bacteria.

The same bacterial response to the Ag controls was also observable in SEM
images of the dark- and light-state photomorphic AgNPs. Both the light- and dark-state
were observed to cause extensive defect sites on the surfaces of the cell walls of the
bacteria at higher concentrations (Figure 7.5), with over-expression of EPS observed.
The concentration of the two states were brought closer to the MIC, the bacteria
responded by increasing the over-expression of EPS. The increased potency of the darkstate AgNPs comes from a synergistic effect caused by the disc-shaped AgNPs and the
BSPP-Ag+ complex formed in solution as a consequence of the light-to-dark-state
AgNP shape transformation. The bacteria were observed to demonstrate an increased
over-expression of EPS to coat themselves at the lowest concentration of the dark-state
AgNPs, similar to how they responded to the lowest concentration level of the AgNO3.

This suggested that the increased potency of the dark-state AgNPs was most probably
caused by the presence of the BSPP-Ag+ complex in the solution.
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7. 14 Summary
The photomorphic effect was shown capable of producing an antimicrobial
response against bacteria. The dark-state particles exhibited enhanced antimicrobial
activities versus E. coli by having an MIC 2.9 times more potent than the light-state
particles. This enhanced potency was because of the increased concentration of BSPPAg+ complex associated with dark-transforming particles. Additionally, the bacteria
clearly respond to the Ag+/AgNP by the over-expression of EPS as a defence
mechanism. Although the exact mechanism of this phenomena remains yet to be fully
determined in future studies, the in vitro antimicrobial activities of the photomorphic
AgNPs agreed with the proposed mechanism irrespective of the light/dark induced
morphological states.
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK

Photomorphic silver nanoparticles (AgNPs) are a new topic of study in the field of
AgNPs. The shape these particles adopt is shown to be dependent on their exposure to
light. In this work, subtle changes in the addition order of the reagents used to generate
non-photomorphic AgNPs have been demonstrated to result in unique post synthesis
morphological changes with light (Chapter 2). When these light-synthesised prismatic
shaped photomorphic AgNPs are placed in the dark they transform to disc shapes.
When these particles are then subsequently returned into the light, they re-adopt prism
shaped morphologies. The discovery and subsequent research into these photomorphic
AgNPs significantly contributes to the fundamental understanding of AgNP principles.
These AgNPs provide an unprecedented degree of control over the particle shape and
subsequently the colour of aqueous solutions, which arise from the AgNPs shape
dependent surface plasmon resonance bands (SPRBs). The ease of the transformations
by non-destructive light and dark conditions as well as the simple characterisation by
UV-vis spectrophotometry, indicative of the AgNP’s shape, contributes towards the
versatility and appeal of this advanced material.
A particular focus of the research was directed towards the understanding of light
interactions with the photomorphic AgNPs, particularly during the photodevelopment of
the initial colloidal solutions to the prism shapes. The specific interaction of the AgNPs
with light is not completely understood and fiercely debated in the literature. In the
research reported here, AgNPs were shown to interact with various wavelengths of light
differently. It was demonstrated that during the initial photodevelopment studies that
light at 575 nm was necessary for growing the prism shaped photomorphic AgNPs.
When shorter wavelengths of light were used to develop the particles, no appreciable
shape dependent SPRBs associated with the prism formation were observed, namely,
the in-plane dipole and quadrupole bands (Chapter 3.3). It was also demonstrated that
smaller volumes of photomorphic solution interacted with the light differently. For
example, a 0.1 mL volume of photomorphic solution red-shifted by 7 nm after one
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minute of light exposure while 100 mL of the same solution shifted 1.5 nm (Chapter
3.6).
Not only was the appropriate emission wavelength of the light used necessary to form
the prism shaped photomorphic AgNPs, the photodevelopment time was also shown to
be significant for the photomorphic effect. After exposure times greater than 10 hrs, the
AgNPs lose the ability to shape-shift to discs (Chapter 5.5). The photomorphic effect
was observable from the earliest detectable formation of prism shapes, as monitored by
the presence of the in-plane SPRBs in the UV-vis spectra. However, loss of this effect
after long photodevelopment times indicated that a limiting chemical reagent
mechanism was highly likely. The chemical species responsible for the transformation
from prism to discs shapes was determined to be 4, 4-(Phenylphosphinidene) bis(benzenesulfonic acid) (BSPP). Addition of BSPP to photomorphically locked AgNPs
was observed to restore the photomorphic effect (see Chapter 4.7). In all likelihood,
other chemical species, such as trisodium citrate (TSC) surfactant media, do contribute
to the truncation of the prism- towards disc-shaped particles. The photomorphic effect is
due to a complex equilibrium process which is intimately dependant upon TSC
surfactant coverage and the colloidal stability that it provides (Chapter 5.4). The
oxidative transformation of prism- to disc-shaped particles occurs when BSPP interacts
with AgNPs which do not have sufficient light excitation of the surface plasmon
resonance bands thereby facilitating reduction conditions. This leads to a shift in the
equilibrium favouring BSPP-Ag+ complexation and, as a result, oxidation of the tip
corners of the AgNPs. As the erosion of the tip corners occurs, BSPP-Ag+ complex is
released into the surrounding solution, while the AgNPs adopt disc shapes.
The ability of the photomorphic AgNPs to transform, post synthesis, is a critical process
that has been described by this work. Characterisation of the early stages of shape and
anisotropic directional growth of the AgNPs during transformation from discs to prisms
was achieved (Chapter 6.3). Dark-transformed AgNPs were exposed to periodic
exposures of light at 2 minute intervals over a total of 16 minutes and the shape directed

transformation observed by TEM and UV-vis analysis. The initial dark-transformed
AgNPs were observed to be discs. These particles, after 2 minutes of 575 nm light
exposure, transformed to hexagons. Upon further light exposure these hexagons
developed increasing aspect ratios associated with photoreduction to prisms and, finally,
becoming truncated prisms as a result of a competitive oxidative photoablation process
(Chapter 4, 5 and 6). These findings indicate that the AgNPs are confined within
specific conformational dimensions as they were transformed and that these processes
do not occur randomly. These transformations were also tracked in the sequential
overlaid UV-vis spectra which correlate the AgNP morphological response to light
exposure with time (Chapter 6.3). The growth mechanism responsible for this shape
directed evolution was hypothesised to be a result of the addition of Ag+ onto selective
faces of the AgNPs which are not blocked by TSC surfactant coverage.
A clear advantage of the photomorphic particles is the high level of reproducibility. The
dark-transformed particles remain stable after seven days of storage in the dark
(Chapter 5.7), however the particles still remain photomorphic after several months of
dark storage. This would be advantageous in applications that require the materials to be
robust for long periods of time.
An investigation into the use of photomorphic AgNPs as tuneable antimicrobial agents
was made (Chapter 7) by performing systematic studies into the behaviour of bacteria
when exposed to the different light states of the AgNPs. Significantly, the darktransformed particles are seen to possess a ca. nine times greater potency against
bacteria than the light-transformed state (dark-transformed 17ng/mL versus lighttransformed 136 ng/mL). This enhanced potency of the dark-form AgNPs is attributed
to the presence of BSPP-Ag+ complex, associated with oxidative dark-transformation.
Bacteria in this study clearly respond to Ag+ and AgNPs by the overproduction of
extracellular polymeric substance (EPS) as a defence mechanism. Although the exact
mechanism of this phenomenon is yet to be fully determined, providing an avenue for
future studies, the in vitro antimicrobial activities of the photomorphic AgNPs agreed
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with the proposed mechanism, irrespective of the light/dark induced morphological
states.

8. 1 Future Work

The future directions necessary to develop photomorphic AgNPs as an antimicrobial
agent would be to stabilise the particles on a substrate. Some initial exploratory studies,
which have not been discussed in this thesis, suggest that the photomorphicity of the
AgNPs is maintained when embedded into alginate fibres. Additionally, it is possible to
absorb these particles onto the surface of glass by using thiolated-silane molecules
which attaches the silane moiety to the glass while covalently attaching the AgNP onto
the thiol moiety.
The future directions of photomorphic AgNPs for use in other applications would
require investigation into other aspects of these particles that were not discussed in this
thesis. Notably, BSPP was focused upon the most during this investigation because it
was observed to be responsible for the light to dark transformations. However, the
citrate and borohydride species must also play a critical role towards the shape
formation and stability of the AgNPs. Furthermore, the interaction of the photomorphic
AgNPs to other chemical species would be highly interesting. For instance, the
photoreduction of metals such as Pt, Au, Cu or Pd to the tip corners to form biphasic
materials would have potential applications in fuel cells and hydrogen storage devices,
to name just a few.
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Post Thesis Review Addendum: The fate of citrate and dark to light state
photomorphic AgNPs shape transformations have been explored and reported into detail
in a peer reviewed journal communication post-thesis examination (see Appendix B).
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